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Summary of Features for Components with Multiple
Versions

Some of the hydrologic simulation components in IWFM have multiple versions that offer
different simulation capabilities. To aid the user in choosing the right component version, below

is a list of these component versions and a summary of the simulation capabilities they offer.

Version Capabilities

Root Zone Component

4.0 ¢ Simulation of non-ponded and ponded (rice and managed refuges) crops, urban
lands, native and riparian vegetation at each element

e Simulation of generic moisture (seepage from extra source of water, fog, etc.)

e Ability to deliver water to an element, group of elements or a subregion to meet
water demand

e Ability to compute physical crop water demand dynamically based on crop, irrigation
management, soil and atmospheric conditions or to pre-specify water demand to
represent contractual demand

4.01 e All features listed for version 4.0 above

e Optional Z-Budget output for root zone as well as land and water use budgets for
zone budget generation

4.1 e All features listed for version 4.0 above

e Simulation of riparian vegetation access to stream water to meet all or part of their
evapotranspirative water demand

e Simulation of root water uptake from groundwater that meets part or all of the
plant evapotranspirative demand

4.11 e All features listed for version 4.1 above

e Optional Z-Budget output for root zone as well as land and water use budgets for
zone budget generation

5.0 e Simulation for agricultural water demand, root zone and land surface flow processes
for an average, representative crop

e Agricultural and urban Water demand simulated at subregion level

e Water supply (diversions and pumping) are delivered to subregions to meet
subregion-level demands

¢ Ability to compute physical crop water demand dynamically based on crop, irrigation
management, soil and atmospheric conditions or to pre-specify water demand to
represent contractual demand

Theoretical Documentation for the Integrated Water Flow Model, IWFM-2015 | vii
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Version Capabilities
Stream Component
4.0 e Instantaneous routing (storage is not tracked) of stream flows

e Flow - stage relationship is specified using a rating table

e Wetted perimeter at each stream node is constant and does not change with respect
to stream stage

4.1 e Instantaneous routing of stream flow (same as version 4.0)

e Flow -stage relationship is specified as a rating table (same as version 4.0)

e Simulation of wetted perimeter as a function of stage; wetted perimeter-stage
relationship is specified using a rating table

¢ Ability to simulate flow over flood plains through proper specification of wetted
perimeter-stage rating table

4.2 e Instantaneous routing of stream flow (same as version 4.0)

e Flow -stage relationship is specified as a rating table (same as version 4.0)

e Wetted perimeter at each stream node is constant and does not change with respect
to stream stage (same as version 4.0)

e More than one groundwater node can be associated with a single stream node and
the stream-aquifer interaction can be calculated between that stream node and the
corresponding groundwater nodes

5.0 ¢ Kinematic wave routing to simulate stream flows and to track storage change in the

stream channel
Simulation of flow in rectangular, triangular and trapezoidal channels
Flow-stage relationship is represented by the Manning's equation

Wetted perimeter is calculated as a function of stage and channel geometry

Lake Component

4.0

Lake storage is computed as a function of precipitation, evaporation, lake-aquifer
interaction, streams flowing into the lake, diversions and bypasses into the lake,
surface runoff into the lake and lake outflow

Lake outflow is calculated as the amount of storage that is above a maximum lake
elevation

5.0

Lake storage calculation is the same as in version 4.0

Lake outflow is calculated based on a rating table describing the relationship
between the lake elevation and lake outflow; the last elevation entry in the rating
table is assumed to be the maximum lake elevation

viii |  Theoretical Documentation for the Integrated Water Flow Model, IWFM-2015
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1. Introduction

The Integrated Water Flow Model (IWEM) is a fully documented FORTRAN-
based computerized mathematical model that simulates ground water flow, stream
flow, and surface water — ground water interactions. IWFM was developed by staff at
the California Department of Water Resources (DWR). IWFM is GNU licensed
software, and all the source code, executables, documentation, and training material,
are freely available on DWR’s website. The model was first released to the public by
DWR in 2003 as IGSM2 (Integrated Groundwater-Surface water Model version 2).
IGSM2 itself was a completely revised version, in theory and code, of IGSM which
was originally developed in 1990 for a group of State and local agencies in California
(including DWR). This document reviews in detail the principles, theories, and
assumptions that form the engine for IWFM.

1.1. Overview of IWFM Theoretical Documentation

Chapter 1 of this document reviews the history of IWFM, and briefly explains the
model features.

In Chapter 2, the conservation equations that are used to model the
hydrological processes simulated in IWFM are detailed. The hydrological processes
that are simulated in IWEM are the groundwater heads in a multi-layer aquifer
system, stream flows, lakes (open water bodies), direct runoff of precipitation,
return flow from irrigation water, infiltration, evapotranspiration, vertical moisture
movement in the root zone and the unsaturated zone that lies between the root zone
and the saturated groundwater system. The interaction between the aquifer,
streams and lakes as well as land subsidence, tile drainage, subsurface irrigation and
the runoff from small watersheds adjacent to model domain are also modeled by
IWFM. Mathematical models that are used for each of the above processes are
developed and discussed thoroughly in this chapter.

Chapter 3 details the numerical methods used in IWFM to solve the differential
equations that model the hydrological processes listed in Chapter 2 and the
interactions between them. The methods used to store large matrices in a

computer-memory efficient way is also described in this chapter. Finally, techniques
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that are used to calculate parameter values at finite element nodes based on values
measured only at a few locations are discussed.

In Chapter 4, the simulation of water demand and supply, and water allocation
process are discussed. This chapter is integral to understanding one of the main
objectives of the model; simulating water supply for the purpose of meeting a
demand. Explanation of the land use approach in the model, and allocation of water
based on land use needs are included in this chapter. The methods used to adjust

water supply in order to meet the demand are also discussed.

1.2. History of IWFM Development

IWEM was first released by DWR to the public as IGSM2 in December 2002. In
September 2005 the name IGSM2 was changed to IWEFM to avoid confusion with
another model IGSM (same acronym but a different code and theoretical basis);
some versions of IGSM are still in use today. Additional details can be found in
Appendix B. IGSM2 Version 1.0 was made available to the public in December
2002. IGSM2 Version 1.01 which included minor corrections was released shortly
after, in January 2003. IGSM2 Version 2.0 and Version 2.01 were released in
December 2003 and March 2004, respectively. Version 2.0 incorporated more
robust solution techniques, new features and improved output files, whereas Version
2.01 included minor corrections. Later, IGSM2 Version 2.2 which included a new
zone budgeting post-processor was released in February 2005. IGSM2 Version 2.3,
which was renamed as IWFM Version 2.3, was released in September 2005 and
included minor additional features and modified output files compared to IGSM2
Version 2.2.

IWFM Version 2.4 that included a modified methodology for routing soil
moisture in the root zone was released in May 2006. IWFM Version 3.0 mostly
included structural changes in the source code that was the start of an effort to move
to an object-oriented programming paradigm. Time-tracking simulations, option to
print groundwater heads and subsidence values in a Tecplot-compliant format to
create animations, and new features in the simulation of the root zone soil moisture
were part of this version. IWFM Version 3.0 was released in February 2007.
Version 3.02, which was released to the public in April 2010, included a new solver

that uses the generalized preconditioned conjugate gradient method for shorter run-
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times, modifications to the source code to increase run-time efficiencies, and bug
fixes.

IWFM Version 4.0 was originally released in May 2012. The main improvement
in this version was the rigorous simulation of the root zone flow processes and water
demands at finite-element cell level for different agricultural crops as well as for rice
and managed refuges. Additionally, this version marked the beginning of a more
modular approach in IWFM development where different simulation components
were developed such that they could be used both within IWFM and as stand-alone
simulation components (e.g. IWFM Demand Calculator, the IDC, which is the root
zone simulation component of INFM Version 4.0).

IWFM-2015, a highly modular IWFM engine, was initially released in
September 2014. It is effectively a container for different versions of hydrologic
simulation components. For instance, it contains several different versions of Root
Zone Component simulation module, Stream Component simulation module and

Lake Component simulation module.

1.3.  Summary of Current Model Features in IWFM

IWFM is a water resources management and planning model that simulates
groundwater, surface water, groundwater-surface water interaction, as well as other
components of the hydrologic system (Figure 1.1). Preserving the non-linear
aspects of the surface and subsurface flow processes and the interactions among
them is an important aspect of the current version of IWFM.

Simulation of groundwater elevations in a multi-layer aquifer system and the
flows among the aquifer layers lies in the core of IWFM. Galerkin finite element
method is used to solve the conservation equation for the multi-layer aquifer system.
Stream flows and lake storages are also modeled in IWFM. Their interaction with
the aquifer system is simulated by solving the conservation equations for
groundwater, streams and lakes simultaneously.

An important aspect of IWFM that differentiates it from the other models in its class
is its capability to simulate the water demand as a function of different land use and
crop types, and compare it to the historical or projected amount of water supply.
The agricultural water demand is computed for ponded and non-ponded crops
using user-specified parameters for farm and crop management practices. Ponded

crops include rice grown and decomposed using different management practices
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Figure 1.1 Hydrologic processes modeled in IWFM
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(namely rice with flooded decomposition, non-flooded decomposition or no
decomposition at all). Water demands for seasonal and permanent refuges are also
simulated as ponded crops since the management of these lands are very similar to
those of rice fields. Non-ponded crops include all other crops that are not grown in
standing water. Urban water demand is computed based on population and per-
capita water usage. The user can specify stream diversion and pumping locations for

the source of water supply to meet the urban and agricultural water demand. User-
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specified diversion and pumping amounts can be distributed over the modeled area
for agricultural irrigation or municipal and industrial use. Based on the precipitation
and irrigation rates, and the distribution of land use and crop types over the model
domain, the infiltration, evapotranspiration and surface runoft can be computed.
Vertical movement of the soil moisture through the root zone and the unsaturated
zone that lies between the root zone and the saturated groundwater system can be
simulated, and the recharge rates to the groundwater can be computed.

As mentioned, IWFM has the capability to compare the agricultural and urban
water demands to the actual water supply (in terms of stream diversions and
pumping) that is available in the modeled region from a historical or a projected
point-of-view. If there is discrepancy between the water demand and the water
supply (i.e. if there is a supply shortage or a supply surplus), INFM can be used to
adjust the water supplies automatically to minimize this discrepancy. The user can
choose to have only diversions, only pumping amounts or both diversions and
pumping adjusted to minimize the difference between the computed demand and
the water supply.

IWFM allows the user to divide the entire model area into smaller sub-regions.
This division can be based on hydrologic and geologic properties (e.g. individual
watersheds) or on the management practices (e.g. water districts). The division of
the model into smaller regions does not affect the mass distribution over the entire
regions; the sub-regions are used solely for the grouping and reporting of the
simulation results. The input data required by IWFM is independent of particular
sub-regions.

This document discusses the theory and methodology used in IWFM- 2018. As
new versions come online, revisions and additions will be made to this
documentation. The details about the specific data requirements for IWFM are

listed in the User’s Manual that accompanies this document.
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2. Hydrological Processes Modeled in IWFM

In the core of IWFM lies the simulation of regional groundwater heads. In natural
hydrological systems the regional groundwater interacts with other components of
the hydrologic cycle. As precipitation falls on the ground surface, it infiltrates into
the soil at a rate that is dictated by the soil type, ground cover and soil moisture.
The moisture in the top soil moves downward as well as it is taken out of the soil by
vegetation. The downward-moving soil moisture travels through the unsaturated
zone of the soil before it replenishes the groundwater.

If the infiltration capacity of the soil is less than the precipitation rate, the
portion of the precipitation that is in excess of infiltration becomes surface runoft
and contributes to streams and large bodies of water such as lakes. In wet periods,
streams act as water sources for the aquifer system whereas in dry periods they drain
water away from the aquifer. Similarly, large bodies of water, such as lakes, affect the
groundwater heads during wet and dry periods. IWFM models groundwater heads,
stream flows and lake storage simultaneously as well as other components of the
hydrological cycle discussed above in order to simulate the interactions between
these hydrological components accurately.

In this chapter, the hydrological processes that are simulated in IWFM and the
theoretical background of the simulation methods along with the accompanying
simplifications and assumptions are detailed. The equations used to simulate the

interactions among each of these hydrological components are also explained.

2.1. Groundwater Flow

IWFM can simulate horizontal and vertical groundwater flow in any multi-layer
aquifer system that includes a combination of confined, unconfined and leaky layers.
These layers may be separated by aquitards or aquicludes (Figure 2.1). Table 2.1
gives a definition for each of these aquifer types. IWFM is also capable of simulating
the change in the aquifer layer types (for instance, a confined aquifer becoming
unconfined) as the groundwater head levels fluctuate. The three-dimensional
nature of the flow is simulated by a quasi three-dimensional approach. In this

modeling approach, the depth-integrated groundwater flow equation is solved for
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Table 2.1 Types of aquifer layers and their descriptions

Layer Type

Layer Description

Confined aquifer

Aquifer bound above and below by impervious surfaces

Unconfined aquifer Aquifer with a free water surface as the upper boundary

Leaky aquifer

Aquifer losing/gaining water through an aquitard that bounds the
aquifer above/below

Aquiclude

Formation that may contain water, but unable to transmit significant
quantities

Aquitard

Semi-pervious/leaky formation

each aquifer layer in order to compute the two-dimensional groundwater head field.

Vertical flow to and from each layer is computed through approximated leakage

terms that are treated as individual head dependent sources or sinks.

The equation for the conservation of mass at a cross-section of an aquifer layer is

given as
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storativity, (dimensionless). It is equal to the storage coefficient S,,
for a confined aquifer and specific yield, S,, for an unconfined
aquifer;

groundwater head, (L);

specific discharge field, (L?/T);

rate of flow into the aquifer layer from the upper adjacent layer,
(L/T);

rate of flow into the aquifer layer from the lower adjacent layer,

(L/T);
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Figure 2.1 Multi-layer aquifer system

Ground Surface

Ml il \\a{q\ﬁﬁ“h.ﬁu:

Bedrock
| LEGEND |
B Aquiciude
[ 1 Aquitard
Aquifer
[ Bedrock
I. =  indicator function for top aquifer layer, (dimensionless);
1 iflayer is not top aquifer layer
= ;
0 iflayer is top aquifer layer
Ia. =  indicator function for bottom aquifer layer, (dimensionless);

1 iflayer is not bottom aquifer layer

;

0 iflayer is bottom aquifer layer

) = dirac delta function, (dimensionless);
X, =  x-coordinate of a stream location, (L);
ys =  y-coordinate of a stream location, (L);
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Qsine = stream-groundwater interaction (see the discussion on stream
flows), (L?/T);
A; = effective area of the stream through which stream-groundwater

interaction occurs, (L?);

xx =  x-coordinate of a lake location, (L);

yk =  y-coordinate of a lake location, (L);

Quie =  lake-groundwater (see the discussion on lakes), (L*/T);

A = effective area through which lake-groundwater interaction occurs,
(L);

xa =  x-coordinate of a tile drain or subsurface irrigation system, (L);

ya =  y-coordinate of a tile drain or subsurface irrigation system, (L);

Qtd = tile drain outflow from or subsurface irrigation inflow into the

groundwater system, (L*/T);

Ay =  effective area through which tile drain outflow or subsurface
irrigation inflow is occurring, (L?);

qo =  othersources/sinks such as pumping, recharge, subsurface inflow
from adjacent small watersheds, etc., (L/T);

gd =  rate of flow into storage due to the compaction of interbeds, (L/T);

gt =  rate of flow out of storage due to root water uptake to meet plant

evapotranspiration, (L/T);

= del operator, (1/L);

horizontal x-coordinate, (L);

= horizontal y-coordinate, (L);

= time, (T).

The value of S; for a confined aquifer is different than its value for an unconfined

[ S S <
1l

aquifer. To model the changing aquifer conditions (e.g. a confined aquifer
becoming unconfined), S; is kept in the time-differential term in equation (2.1).
Using Darcy’s equation, one can express the specific discharge in terms of the

groundwater head as
g=-TVh (2.2)

where
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Kb for confined aquifer
T = transmissivity, (L?>/T) =

K(h -7, ) for unconfined aquifer
K = saturated hydraulic conductivity of the aquifer material, (L/T);
b = thickness of the confined aquifer layer, (L);
h =  groundwater head at the unconfined aquifer, (L);
Za = elevation of the bottom of the unconfined aquifer layer, (L).

In order to define the rate of flow into the aquifer layer from adjacent upper and
lower layers, two cases have been considered: (i) adjacent aquifer layers are
separated by an aquitard, and (ii) there is not an aquitard separating the adjacent

aquifer layers.

2.1.1. Aquifer Layers Separated by an Aquitard

For this case, consider Figure 2.2 where a system of an aquifer layer, the adjacent
upper layer and the aquitard separating these two layers is depicted. Bear and
Verruijt (1987) define an aquitard as a geohydrologic layer whose permeability is at
least one order of magnitude smaller than that of the adjacent aquifer layers.
Assuming that the aquitard is saturated throughout its thickness, the flow in the
aquitard is essentially vertical and its storage is negligible, the vertical flow can be
expressed as (Bear, 1972)

K
gy =——2Ah=-L Ah (2.3)
u
where
K'u = vertical hydraulic conductivity of the aquitard between the aquifer

layer and the upper adjacent layer, (L/T);

b, = thickness of the aquitard between the aquifer layer and the upper

adjacent layer, (L);
Ah = head difference between the top and the bottom of the aquitard,

(L);
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Figure 2.2 Schematic representation of two aquifer layers separated
by an aquitard

upper adjacent aquifer layer

b.l 7 K,

Zt

aquifer layer Zb
datum
L. = leakage coefficient between the aquifer layer and the upper

adjacent layer, (1/T).

Therefore, from equation (2.3), the leakage coefficient, Ly, is expressed as
L,=—% (2.4)

The head difference, Ah, between the top and the bottom of the aquitard
depends on the hydraulic head in the aquifer layer and the upper adjacent aquifer
layer (Figure 2.2). It can be written as

h-h, if h=2zy ; h,>z
zp, —h, if h<zy ; h,>z

AL i hza ; hy =z, (23)
0 if h<zy, ; h,=z
where
h = groundwater head at the aquifer in consideration, (L);
h, = groundwater head at the upper adjacent aquifer, (L);
Zb = bottom elevation of the aquitard, (L);
Z = top elevation of the aquitard, (L).

Similarly, the flow rate into the aquifer layer from a lower adjacent aquifer that is

separated by an aquitard can be expressed as
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qd = —LdAh (26)
where
Lq = leakage coefficient between the aquifer layer and the lower
adjacent layer, (1/7T);
Ah = head difference between the top and the bottom of the aquitard

that separates the aquifer and the lower adjacent aquifer, (L).
The leakage coefficient and head difference in equation (2.6) is given,

respectively, as

Ly=d (2.7)
bg

h-hy if h>z, ; hy=>z
z—hg if h=z, ; hy=2zy

Ah = 2.8
h-z, if h=>z, ; hy<zy (28)
0 if h= Zy hd <Zp
where
K;i = vertical hydraulic conductivity of the aquitard between the aquifer
layer and the lower adjacent layer, (L/T);
bli = thickness of the aquitard between the aquifer layer and the lower
adjacent layer, (L);
h = groundwater head at the aquifer layer in consideration, (L);
hq = groundwater head at the lower adjacent aquifer layer, (L).

Note that, in equation (2.8), z. and z, represent the top and bottom elevations of

the semi-confining layer that underlies the aquifer layer in consideration.

2.1.2. Aquifer Layers that are not Separated by an Aquitard

For the second case where two adjacent aquifer layers have vertical hydraulic
conductivities that have the same order of magnitudes with no aquitard separating
them, consider Figure 2.3. Due to the continuity of the vertical flow at the interface

between two layers, one can write
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Figure 2.3 Schematic representation of two aquifer layers that are

not separated with an aquitard

b, K, * —
itbu/ 2 Ah,
N
ﬁ/z Ah,
b K * n
B datum
Qu =——YAhy =——Ah, =L Ah (29)
u bu/2 1 b/2 2 u
and
Ah=Ah; +Ah, (2.10)
where

K. vertical hydraulic conductivity of the upper adjacent aquifer layer,
(L/T);

b thickness of the upper adjacent aquifer layer, (L);

K vertical hydraulic conductivity of the aquifer layer in consideration,
(L/T);

b thickness of the aquifer layer in consideration, (L);

h groundwater head at the aquifer layer in consideration, (L);

h, groundwater head at the upper adjacent aquifer layer, (L);

L. leakage coefficient between the aquifer layer and upper adjacent
aquifer layer, (1/T);

Ah head difference between the aquifer layer and the upper adjacent

aquifer layer, (L).

Substituting equation (2.9) into (2.10) for Ah; and Ah; and solving for the

leakage coefficient, L,, one obtains the harmonic mean of the leakage coefficients of

the aquifer layer in consideration and the upper adjacent aquifer layer:
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Lo—— 1 (2.11)

u
b
0.5(u + bj
K, K
Also, the head difference between two aquifer layers can be expressed similar to

equation (2.5) as

h-h, if h=2z ; h,>z;
Zk_hu if h<Zk ; hu>Zk

Ah= 2.12
h—z, if h>z ; h, =z (212)
0 if h< Zx hu =7
where
Zk = elevation of the interface between the adjacent aquifer layers, (L).

A similar expression can be obtained for the leakage coefficient and the head
difference between the aquifer layer and the lower adjacent aquifer layer when they

are not separated by an aquitard as

N
05| 24P
Kg K
h—hd if hZZk ; hd ZZk
Zk_hd if hIZk ; hdZZk

Ah= 2.14
h—Zl< if hZZk ; hd<Zk ( )

Lg= (2.13)

0 if hZZk ; hd<Zk

After substituting equations (2.2), (2.3) and (2.6) into (2.1) and rearranging,

one obtains the groundwater flow equation that is used in IWFM:
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where the terms Ah" and Ah? are introduced in order to differentiate between the
head difference between the aquifer and the upper adjacent layer, and the head
difference between the aquifer and the lower adjacent layer, respectively. Based on
the stratigraphic characteristics of the aquifer system, equations (2.4) and (2.7) are
used for leakage coefficients when adjacent aquifer layers are separated by an
aquitard. Equations (2.11) and (2.13) are used when adjacent layers are not
separated by an aquitard.

Equation (2.15) is a partial differential equation that models unsteady
groundwater flow in a multi-layer aquifer system that consists of confined and/or
unconfined layers. These layers may be separated by semi-confining layers.
Equation (2.15) is non-linear if the aquifer layer is unconfined and linear if it is
confined. Equation (2.15) also takes into account the effect of aquifer interaction
with streams and lakes, and the effect of tile drainage and subsurface irrigation on
the groundwater heads.

To define a well-posed problem, equation (2.15) should be coupled with initial
and boundary conditions for each aquifer layer. The boundary conditions that can
be defined in IWFM are (i) specified flux (Neumann), (ii) specified head
(Dirichlet), and (iii) general head boundary conditions.

2.2. Tile Drainage and Subsurface Irrigation

Tile drainage is often used in farm lands in order to increase the groundwater
drainage where the natural drainage of the soil is not fast enough to maintain desired
agricultural conditions. Tile drains are located beneath the surface of the soil. The
term tile drain is used since they are in the form of clayware pipes, which are made

from clay tiles (Smedema and Rycroft, 1983). Tile drains are used for the drainage
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of water applied to agricultural lands for the following reasons: (i) they do not
interfere with farming operations since their location is beneath the surface, and (ii)
there is no loss of farming area due to the drainage system (Smedema and Rycroft,
1983; Luthin, 1973). Figure 2.4 shows a schematic representation of a tile drain.

IWFM can also simulate the effect of subsurface irrigation on the groundwater
heads. Figure 2.5 illustrates subsurface irrigation, where the direction of flow is from
the irrigation pipes to the groundwater. Subsurface irrigation is beneficial for deep
rooted crops and trees in arid areas to avoid excessive evaporation.

Simulations of tile drains and subsurface irrigation are similar except that for tile
drains flow direction is always from groundwater to tile drain, whereas for
subsurface irrigation system the direction is always from the irrigation pipe towards
the groundwater. The difference of the groundwater head and tile drain elevation
(or head at the subsurface irrigation pipe) is multiplied by a conductance term to

approximate the flow between groundwater and tile drain (or subsurface irrigation

pipe):

Qd =Cid(2ea—h) (2.16)
where
Qu = flow between groundwater and tile drain or subsurface irrigation
pipe, (L3/T);

Figure 2.4 Schematic representation of a tile drain

ground surface
XXX

water table

/ tile drain

Z

datum
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Cu = conductance of the interface material between the tile

drain/subsurface irrigation pipe and the aquifer material, (L?/T);

Zud = elevation of the tile drain or the head at the subsurface irrigation
pipe, (L);
h = groundwater head at the location of tile drain or subsurface

irrigation pipe, (L).
The flow term, Qu, is negative in modeling tile drains and positive in modeling
subsurface irrigation.

The conductance term, Cy, can be expressed as

C :Iz_tdAtd (2.17)
td
where
K = hydraulic conductivity of the interface material between the tile
drain/subsurface irrigation pipe and aquifer material, (L/T);
du = thickness of the interface material, (L);
Au = effective area through which tile drain outflow or subsurface

irrigation inflow is occurring, (L?).
If dependable field measurements are available, they may be used to calculate
the conductance, C. In many cases, however, a conductance value must be chosen

somewhat arbitrarily and adjusted during model calibration.

Figure 2.5 Flow from a subsurface irrigation pipe to the groundwater

ground surface

XXX
sub-irrigation pipe
water table
L S /g
Zd
h
datum
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2.3. Land Subsidence

IWFM accounts for changes in storage due to land subsidence. The change in soil
structure, which causes subsidence, primarily occurs from pumping large amounts of
groundwater in a given area. Modeling land subsidence is an important feature of
IWFM since storage changes impact the available water supply.

The change in storage can be temporary or permanent, depending upon the
amount of stress placed on the soils. A temporary change in storage means that the
soils were not permanently displaced and the elasticity of the soil is preserved.
Given the compaction is elastic, the soil may still expand. Extraction of large
amounts of water from the aquifer may increase the effective stress of the soils
beyond a threshold value, causing permanent displacement of soils and a permanent
decrease in the storage capacity of the aquifer.

IWFM calculates the groundwater head changes due to subsidence in relation to
the vertical compaction of interbeds. Interbeds are lenses that have poor
permeability within a relatively permeable aquifer. The following three items are
used as criteria when defining an interbed (Leake and Prudic, 1988):

e The hydraulic conductivity of the interbed is significantly lower than the

hydraulic conductivity of the aquifer material.

e The lateral extent of the interbed must be small enough so that it is not

considered a confining bed that separates adjacent aquifers.

e The interbed thickness must be small in comparison to its lateral extent.

Land subsidence is a function of the change in the effective stress, elastic and
inelastic specific storages of the interbed, and the initial interbed thickness, given
that the geostatic and the hydrostatic pressures over the interbed are constant. The
elastic change in the interbed thickness can be written as (Riley, 1969; Helm, 1975)

A
Ab,, =—2-S_b, (2.18)
Tw
where
Ab. = elastic change in interbed thickness, positive for compaction and
negative for expansion, (L);
Ap‘ = change in effective stress, positive for increase and negative for

decrease, (F/L?);
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Yo = unit weight of water, (F/L%);
See = elastic specific storage, (1/L);
b, = the initial thickness of the interbed, (L).

For an interbed located in an aquifer where geostatic pressure is constant, the
change in effective stress as a function of the change in head can be expressed as
(Poland and Davis, 1969)

Ap =-v,,Ah (2.19)
where
Ah = change in head; positive for increase and negative for decrease in
head, (L).

Substituting (2.19) into (2.18), one can express the change in interbed

thickness in terms of change in the head as
Ab,, =—AhS.b, (2.20)

Similarly, inelastic change in the interbed thickness can be approximately related
to the change in head at an aquifer where geostatic pressure is constant as (Leake
and Prudic, 1988)

Abg; =—AhS b, (2.21)
where
Abg = inelastic change in interbed thickness, positive for compaction and

negative for expansion, (L);
Ssi

The total compaction, i.e. elastic and inelastic compaction, can be computed by

inelastic specific storage, (1/L).

adding the elastic and inelastic compactions computed by equations (2.20) and
(2.21).

Equations (2.20) and (2.21) require that the geostatic pressure in the aquifer is
constant. Geostatic pressure is constant in confined aquifers but it changes in an
unconfined aquifer as the water table fluctuates. In IWFM it is assumed that the
change in geostatic pressure is negligible in unconfined aquifers so that equations
(2.20) and (2.21) can be used for modeling the land subsidence in unconfined as

well as confined aquifers. Normally, the compaction is less for an unconfined
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aquifer compared to the compaction in a confined aquifer. By using the assumption
that equations (2.20) and (2.21) are applicable to unconfined aquifers, the actual

compaction in unconfined aquifers is slightly overestimated in IWFM.

2.3.1. Flow into Groundwater Storage due to Land Subsidence

The groundwater flow equation used in INFM is given in equation (2.15). The first
term on the right hand side of equation (2.15) represents the flow rate into
groundwater storage due to fluctuating head values. To incorporate the flow into
storage due to interbed compaction, an additional term, q.q, has been included in

equation (2.15). This additional term can be expressed as (Leake and Prudic, 1988)

+ ¢h
=S,— 222
9sd =9s ot ( )
where
Qsd = rate of flow into or out of storage due to compaction or expansion
of interbeds, (L/T);
S; = skeletal storativity of interbeds, (dimensionless).

The skeletal storativity value in (2.22) varies between the elastic and inelastic
specific storage values multiplied by the interbed thickness, b,, depending on the
relation of the head to the pre-consolidation head. If the head is above the pre-

consolidation head, S; takes the value of elastic specific storage multiplied by the
interbed thickness and if the head falls below the pre-consolidation head, it takes the
value of inelastic specific storage multiplied by the interbed thickness:
Seeby if h>h,
S, = (2.23)
Ssiby if h<h_

where

h. = pre-consolidation head.

The pre-consolidation head value is also adjusted during the simulation period.
It is assigned the most recent lowest head value if the head falls below the pre-

compaction head. Equations (2.15) and (2.22) reveal that when the rate of change
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of groundwater head is positive (i.e. increasing groundwater head) flow out of the
storage will occur due to expansion of the interbeds. If the rate of change of head is
negative (i.e. decreasing groundwater head) flow into the groundwater storage will
occur due to the compaction of the interbeds. If the head falls below the pre-
consolidation head, h,, the compaction is irreversible. If the head stays above the

pre-consolidation then the interbeds will expand again upon recharge of the aquifer.

2.4. Root Water Uptake from Groundwater

Shallow groundwater can contribute to the plant evapotranspiration and meet part
or all of the evapotranspirative demand. In IWEM, the part of the capillary rise
above the saturated groundwater table and the saturated groundwater itself that
intersect with the root zone is considered to be the maximum potential contribution
of groundwater to evapotranspiration. The height of the capillary rise is specified by
the user. It is further assumed that the soil moisture is at total porosity at
groundwater table and decreases linearly to zero at a height equal to the capillary rise
above the groundwater table. The actual amount of root water uptake from
groundwater is calculated as part of the land surface and root zone flow processes
that are simulated by the IWFM Demand Calculator (IDC) within IWFM. These
processes as well as the root water uptake from groundwater are explained in detail

in a separate document for IDC (Dogrul et al,, 2017).

2.5. Initial and Boundary Conditions for the Groundwater

The solution of the groundwater flow equation (2.15) requires specification of
boundary and initial conditions, which constrain the problem and make solutions
unique. Initial and boundary conditions are not only necessary in solving the
groundwater equation, but the accuracy is important as well. If inconsistent or
incomplete boundary conditions are specified, the problem is ill defined (Wang and
Anderson, 1982).
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2.5.1. Initial Conditions

The solution of equation (2.15) requires the knowledge of groundwater head values
at the beginning of the simulation period. Therefore, h(x ,y,t= O) needs to be
specified for all aquifer layers by the user.

2.5.2. Specified Flux (Neumann)

A Neumann boundary condition is applied when the flow is known across surfaces
bounding the domain. Given a specified flux boundary, the flux normal to the

boundary is prescribed for all the points of the boundary as a function of location

and time:
qr :—T@=f(x,y,t) (2.24)
On
where
qr = specified flux at the boundary, (L*/T);
T = transmissivity, (L?/T);
h = groundwater head at the boundary, (L);
= distance that is measured perpendicular and outward to the
boundary, (L);
f(x;yt) = known function for all points on the part of the boundary where

flux is specified, (L?/T).
This type of boundary condition typically occurs in an aquifer adjacent to
bedrock, where there is no flux. Aquifers adjacent to another source of water with
fixed flux into or out of the aquifer system also involve this type of boundary

condition.

2.5.3. Specified Head (Dirichlet)

A Dirichlet boundary condition is set when the hydraulic head is known for surfaces
bounding the flow domain. This type of boundary condition assumes a constant
head value for the designated points of the boundary. For instance, a specified head

boundary may occur when the flow domain is adjacent to an open body of water. At
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every point on this type of boundary, the piezometric head is the same as the head in
the aquifer at the point adjacent to it. In groundwater flow, this occurs at the

interface between a saturated porous medium and a river, lake or sea (Bear, 1972).

2.5.4. General Head

The general head boundary condition is applied when the head value is known at a
distance from the boundary nodes. The known head value is usually at a body of
water located at a given distance from the boundary nodes. It can also come from a
subsurface source, such as the groundwater head at a nearby groundwater basin.

The general head boundary inflow at a finite element node can be expressed as

Qg = Krfr (hgus —br) (2.29)
where

Qgus = general head boundary flow, (L3/T);

Kr = hydraulic conductivity of the aquifer at the boundary, (L/T);

Ar = cross-sectional area at the boundary that flow passes through, (L?);

dr = distance between the boundary and the location of the known

head, (L);
hr = head value at the boundary, (L);
heus = head at the nearby surface water body or aquifer, (L).

2.5.5. Constrained General Head

The constrained general head boundary condition is introduced in IWFM to
simulate, for instance, the stream-aquifer or lake-aquifer interaction when the
groundwater simulation component is linked to models other than IWFM or
stream/lake elevations are computed outside IWFM and used as input as general
head boundary conditions. In a regular general head boundary condition,
groundwater head value at the boundary, hr, is a continuous function of space (see
equation (2.25)). In a constrained general head boundary condition, there exists a

limiting head value:
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KrA .
E L(hgug—hr) if hp>her
r
Qcgus = (2.26)
KrA .
E “(hgup ~hcr) i hr<hcr
r
where
Qcgue = constrained general head boundary flow, (L*/T);
hcr =  limiting head value at the boundary, (L).

As an example, ho can be set to the stream bed elevation in a situation where
stream surface elevations are computed outside of IWFM by an external stream
model and are used to represent heus in equation (2.26). In such a case, if the
groundwater head, hr, falls below the stream bed elevation, h¢r, equation (2.26)
ensures that stream-aquifer interactions are computed properly.

Additionally, Qccrs in equation (2.26) can be limited with a maximum flow

value:

Qcgup <QcaHs,,, (2.27)

For instance, this might be the case when stream-aquifer interaction is simulated
using stream elevations computed outside of IWFM by another model. These
stream elevations might correspond to stream flows which might be less than Qccus
computed using equation (2.26). Therefore, equation (2.27) guarantees that
stream-aquifer interactions are limited by the maximum available stream flows,

Qcgus,,,, / when streams are losing.

2.6. Stream Flows

Streams are an important component of the hydrological cycle. During the periods
when groundwater heads are low, they contribute water to the groundwater and
during periods when the groundwater heads are high, they drain water away (Figure
2.6). Inregions where agricultural and urban development is high, they are also
used as a source of water supply. A portion of the water that is diverted from the

streams and used to meet agricultural and urban water demands seeps into the

Theoretical Documentation for the Integrated Water Flow Model, IWFM-2015 |~ 2-19



Theoretical Documentation
IWFM-2015

Hydrological Processes

Figure 2.6 Stream-groundwater interaction scenarios
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groundwater at locations far from streams. This further complicates the stream-
groundwater system.

IWEFM offers four separate versions of stream routing components within the
stream package that simulate the stream flows as a function of inflows from the
upstream tributaries and reaches, surface runoff, agricultural and urban return flow,
diversions and bypasses, flow from upstream lakes and the exchange of water
between the stream and the groundwater. These versions differ in how the stream
wetted perimeter is calculated and if the storage in the stream is tracked or not.
Table 2.2 lists the features and properties of each of the stream routing component.

The stream system is divided into segments that are termed stream reaches. Each
reach consists of multiple stream nodes. Each stream node represents a section of

the stream reach which is termed as stream segment. Stream flows are simulated at

Table 2.2 Version numbers and features of the stream routing components

Version Features

4.0 Instantaneous routing (storage is not tracked) of stream flows

e Flow - stage relationship is specified using a rating table

e Wetted perimeter at each stream node is constant and does not change with
respect to stream stage

4.1 e Instantaneous routing of stream flow (same as version 4.0)
e Flow -stage relationship is specified as a rating table (same as version 4.0)

e Simulation of wetted perimeter as a function of stage; wetted perimeter-stage
relationship is specified using a rating table

o Ability to simulate flow over flood plains through proper specification of wetted
perimeter-stage rating table

4.2 e Instantaneous routing of stream flow (same as version 4.0)
o Flow -stage relationship is specified as a rating table (same as version 4.0)

o \Wetted perimeter at each stream node is constant and does not change with
respect to stream stage (same as version 4.0)

e More than one groundwater node can be associated with a single stream node and
the stream-aquifer interaction can be calculated between that stream node and the
corresponding groundwater nodes

5.0 e Kinematic wave routing to simulate stream flows and to track storage change in the
stream channel

e Simulation of flow in rectangular, triangular and trapezoidal channels
e Flow-stage relationship is represented by the Manning'’s equation

e Wetted perimeter is calculated as a function of stage and channel geometry
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each stream node. An example of the representation of a natural stream system by
stream nodes and stream segments is depicted in Figure 2.7. In Figure 2.7.c, stream
segments that are represented by stream nodes are shown between two consecutive
dash lines. It should be noted that at a confluence there are as many nodes as the
number of stream reaches meeting at the confluence. Even though stream nodes at
a confluence are located at the same coordinates, the stream segments that they
represent are different (Figure 2.7.c).

Simulation of stream flows is different in each of the stream routing component.
The methods used in each of these components to route stream flows are explained

in the next sections.

2.6.1. Stream Flow Routing in Component Version 4.0

In this version of stream routing component, it is assumed that stream flow travels
through the stream network instantaneously and, therefore, change in storage within
the stream channel is not tracked. This assumption is valid when the characteristic
travel time of a wave through the entire modeled stream network is less than the
time step used in the simulation of the hydrologic system. For instance, the zero-
storage assumption can be used if a wave travels from the upstream end to
downstream end of the modeled stream network within a week while a monthly
simulation time step is used.

The continuity equation where storage at stream node i is assumed to be zero is

expressed as

0=Qin ~Qout (2:28)
and
Qin =2 Qs; +Rp 8¢ + Qs +Qrs * Qe + Uiko + QU (229)
j
Qout = Qrip * Qbdiv + Qsint + Qs (2.30)
Qpdiv = Qb + Qaiv (2.31)
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Figure 2.7 Representation of a natural stream system by stream nodes and stream
segments in IWFM

Reach 3

(a) Example of a natural stream system

(c) Stream segments associated with each
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where

Q_Sj = flow from upstream node j, (L*/T);

R¢ = surface water return flow from agricultural irrigation and urban
water use, (L3/T);

S: = direct runoff due to rainfall excess and subsurface flow that seeps
onto the ground surface, (L*/T);

Qus = inflow from the tributaries to the stream node (see small stream
boundary conditions), (L*/T);

Qurs = inflow from bypasses, (L*/T);

Qu = inflow from tile drains, (L?/T);

Qo = inflow due to lake overflow (see the discussion on lakes for the
computation of this term), (L3/T);

Qu = inflows other than those listed above, (L*/T);

Quip = outflow due to riparian vegetation evapotranspiration, (L*/T);

Q = outflow that is diverted as bypass flow, (L*/T);

Quaiv = flow that is diverted for agricultural and urban water use, (L*/T);

Quint = rate of water exchange between the stream and the groundwater,
(L¥/T);

Q, = net flow at stream node i that contributes to the flow at the

downstream node, (L/T).

The number of stream nodes that are considered in the summation term on the
right hand side of equation (2.29) depends on the location of the stream node i
(Figure 2.7). If node i is in the middle of a stream reach, there will be only one
upstream node from which flow will be contributing to the flow at node i. On the
other hand, if node i is located at a confluence, then there will be as many upstream
nodes as the number of upstream reaches meeting at the confluence. As an example,
consider node 3 of reach 1 in Figure 2.7.c. Writing equation (2.29) for node 3, only
node 2 will appear as upstream node. On the other hand, writing equation (2.29)
for node 10, nodes 4 and 9 will appear as the upstream nodes.

Substituting equation (2.30) into equation (2.28) and rearranging, one obtains
Qsi Qi t+ Q.rip +Qpdiv + Qsint =0 (2-32)

In IWFM, stream flows are related to stream surface elevations through a rating

curve:
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Q, = (b, ) (233)
where
hy = elevation of the stream surface at stream node i with respect to a

common datum, (L).

2.6.1.a. Stream-Groundwater Interaction in Component Version 4.0

The stream-groundwater interaction is included in IWFM to capture its effect on
stream flows and groundwater heads. The exchange of water between the stream
and the groundwater along a stream segment is modeled in this version of the

stream routing component approximately as (McDonald and Harbaugh, 1988)

Qgint =Cs, [max(hsi ,hbi )—max(h,hbi )} (2.34)
where

Qgnt = stream-groundwater interaction, (L*/T);

Cs, = conductance of the streambed material at stream node i, (L2/T);

hSi = stream surface elevation, (L);

h = groundwater head at stream node i, (L);

hy, = elevation of the stream bottom at node i, (L);

The conductance of the stream bed material that appear in (2.34) can be

expressed as

K, K,
C, =—L;W;=—L A, (2.35)
i dsi dsi i
where
K, = hydraulic conductivity of the stream bed material, (L/T);
dSi = thickness of the stream bed material, (L);
Li = length of the stream segment represented by stream node i, (L);
Wi = wetted perimeter, (L);
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A = effective area of the stream segment represented by node i through

which stream-groundwater interaction occurs, (L?).
In version 4.0 of the stream routing component it is assumed that the stream
channels are rectangular and wide enough with respect to stream flow depth so that
the wetted perimeter, W;, can be taken as a constant at each stream node. It should

also be noted that Qg and A, that appear in equations (2.34) and (2.35) are the

same terms that appear in the groundwater conservation equation (2.15). Stream
flow equation (2.32) is coupled with groundwater conservation equation (2.15)
through the stream-groundwater interaction term, Q. In order to compute
groundwater heads, stream flows and stream-groundwater interaction properly, it is
necessary to solve equations (2.15) and (2.32), simultaneously. The solution

methodology used in IWFM will be discussed in detail later in this document.

2.6.2. Stream Flow Routing in Component Version 4.1

Assumptions and stream flow routing in component version 4.1 are exactly the same
as in component version 4.0 (see section 2.6.1) except for the calculation of stream-
aquifer interaction. Equation (2.32) is used to simulate the stream flow along with

equation (2.33) that is given as a rating table which defines the relationship between

the stream flow and stream surface elevation.

2.6.2.a. Stream-Groundwater Interaction in Component Version 4.1

In component version 4.1, stream-aquifer interaction and the stream bed
conductance are still expressed using equations (2.34) and (2.35), respectively.
Wetted perimeter, W;, on the other hand is related to the stream surface elevation
or the groundwater head at the stream node, whichever is greater, through a rating

table:
w; :Wi[max(hsi ,h)} (2.36)
This approach, along with the stream flow-stream surface elevation rating table,

allows the representation of stream flow through channels with a wide variety of

cross-section geometries. For instance, stream flows as well as the stream-aquifer
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interactions through flood plains along a stream channel can easily be represented

using rating tables expressed in equations (2.33) and (2.36).

2.6.3. Stream Flow Routing in Component Version 4.2

In models with fine simulation grids, stream channel cross-sections may overlay
more than one groundwater nodes. Stream flow routing in component version 4.2 is
similar to the one described in section 2.6.1 for component version 4.0 but it allows
the simulation of stream-aquifer interaction between a single stream node and

multiple groundwater nodes.

2.6.3.a. Stream-Aquifer Interaction in Component Version 4.2

Component version 4.2 allows computation of stream-aquifer interaction between a
single stream node and multiple groundwater nodes coinciding to that stream node.
In this case, a stream node represents a cross-section of a wide channel with respect
to the resolution of the model grid that overlays more than one groundwater nodes.

The stream-aquifer interaction at stream node i is calculated as

nG

Lsint = Z{Csi j [max(hsi b, )_ max(hi hy, ﬂ} (2.37)

’)
=1

where

j = index for the groundwater node associated with the stream node i,
(dimensionless);

nG = total number of groundwater nodes associated with the stream
node i, (dimensionless);

Csj = conductance of the part of the stream cross-section that is
associated with groundwater node j, (L?/T);

h; = groundwater head at groundwater node j, (L).

It should be noted that in stream component version 4.2 the stream bed

elevation, hy, ,is assumed constant along the cross-section of the channel so that
1

the stream flow depth along the cross-section is the same.
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2.6.4. Stream Flow Routing in Component Version 5.0

Component versions 4.0 and 4.1 do not track the change in storage at a stream
channel. As mentioned earlier, this approach can be used when the simulation time
step (e.g. a month) is larger than the characteristic travel time (e.g. a week) of a wave
through the modeled stream network. However, it is sometimes necessary to use a
shorter time step to simulate other flow processes more accurately. An example is
the simulation of land surface and root zone flow processes where the characteristic
time scales range from a few hours to a day. Using short time step such as a day to
simulate these flow processes more accurately may invalidate the zero-storage
approach for the simulation of stream flows. To remedy this problem, component
version 5.0 keeps track of the change in storage within the stream channel and the
stream flow is routed through the stream network using the kinematic wave
approach.

The governing conservation equation for stream flow can be expressed as
follows (Chaundry, 1993):

&+8—A: Qin —Qout (2.38)
ox Ot L
where
Q, = stream flow, (L3/T);
A = flow cross-sectional area, (L?);
L = length of the stream channel, (L);
bq = direction along the stream channel, (L);
t = time, (T).

To solve equation (2.38), a relationship between the stream flow, Q ;, and the

flow cross-sectional area, A, must be defined. For this purpose, stream routing

component version 5.0 uses Manning’s equation (Chaundry, 1993):

2
Qs :%ARA\/Q (2.39)
where
n = Manning’s roughness coefficient, (T/L"?);
R = hydraulic radius, (L);
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-
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slope of the energy line, (L/L);
Y = conversion factor (e.g.y = 1.0 if SI units are used, y = 1.49 if foot-

pound-second units are used).
Component version 5.0 uses the kinematic wave approach in which the slope of
the energy line, S¢, is represented with the slope of the stream bed, S, . Using the

kinematic wave approach, equation (2.39) can be expressed as

Q= lAR% \/§ (2.40)
n

Kinematic waves travel along the stream channel without any diffusion as long

S

as the wave celerity, c = , stays constant. Additionally, they travel only in the

downstream direction so backwater effects due to confluences or hydraulic

structures cannot be simulated.

Stream routing component - - -
Figure 2.8 A trapezoidal channel cross-section and

version 5.0 allows flow routing in relevant parameters

rectangular, trapezoidal and triangular \ AVA /

channels. The stream channel can

—

have different cross-section and Vs

physical parameters (i.e. channel slope

and Manning’s roughness) at different

stream nodes. Figure 2.8 shows the
cross-section of a trapezoidal channel
with the relevant parameters to calculate the flow area, wetted perimeter and
hydraulic radius. According to Figure 2.8, when s = 0 the channel has a rectangular
cross-section. If B = 0, then the channel has a triangular cross-section. Based on
Figure 2.8 flow area, wetted perimeter and hydraulic radius can be represented

generically for all rectangular, trapezoidal and triangular cross sections as follows:

A=y (B+syy) (2.41)

W =B+2y V1+s” (2.42)
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B+
R=2_ _ys(Bsys) (2.43)
W Bty 1+
ys=hg—hy
(2.44)
where
Vs = stream flow depth, (L);
hy, = stream bed elevation, (L).

Using equations (2.40) - (2.44) along with the conservation equation (2.38),
stream routing component version 5.0 routes stream flow through the simulated

stream network .

2.6.4.a. Stream-Groundwater Interaction in Component Version 5.0

Stream-groundwater flow exchange in component version 5.0 is calculated using
equations (2.34) and (2.35) along with equation (2.42) to represent the wetted
perimeter, W. Similar to component version 4.0, flood plains along stream channels

cannot be represented in component version 5.0.

2.6.4.b. Initial Condlitions

Unlike versions 4.0 and 4.1 where change in storage in the stream channel is not
tracked, version 5.0 requires the specification of initial stream flow or stream flow

depth to calculate the initial storage within the stream network. Therefore,

hg(t=0) needs to be specified along the stream by the user.

2.6.5. Diversions and Bypass Flows

In general, diversion rates and bypass flows that occur at a stream node are pre-
specified values. In certain occasions bypass flows can also be specified through a
rating curve that renders them as a function of the stream flow. If there is enough

flow at the stream node so that the total of the diversion and bypass flows can be
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taken out of the stream, the pre-specified values remain unchanged. If the stream
flow is not enough for the required diversion and bypass flows, it is necessary to
compute how much of the specified flows can actually be taken out of the stream.
To achieve this, it is assumed that diversions occur before the bypass flows. After
the diversion flows are taken out of the stream flow, bypass flows are allowed to be
taken out of the stream. As such, defining the required diversion and bypass flow
rates as Quiveq and Qureq, respectively, one can compute the actual diversion and

bypass flow rates that take place at stream node i as

Q-divreq if Qi 2 Q-divreq
Qaiv = (2.45)
Qi Qi< Qdivreq

Qbreq if Q.si ZQ.breq
Qp= (2.46)

Q.si if Qsi <Qbreq

where

Q':i = Q.in _Qdiv (2-47)

and Q. is given by equation (2.29). Equations (2.45)-(2.47) reveal that diversions
and bypasses are assumed to take place before the stream-groundwater interaction

which is detailed in the following section.

2.7. Lakes

Lakes and similar large water bodies are as important in the hydrological cycle as the
groundwater and streams. Lakes interact with groundwater and streams, and can
affect the groundwater heads and stream flows drastically. For this reason, the
capability of modeling lake storage and its interaction with groundwater and streams
has been included in IWFM. Figure 2.9 shows some of the hydrological
components modeled in IWFM that affect the lake storage.
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IWFM provides two options to simulate lake storage depending on how the lake

outflow is calculated. Table 2.3 lists the lake component versions and their features.

2.7.1. Lake Component Version 4.0

The conservation equation for lake storage can be expressed as

OSp &
. > (Plki Ag, —EVik, Ak, — Qiking, )

i=1

~Qaivik ~ Qbplk = etk ~ ik ~ inik + Qiko =0 (2.48)
where
Sik = lake storage, (L%);
i = lake node that represents an area of lake, (dimensionless);
Nik = total number of lake nodes that represent the entire lake area,
(dimensionless);

Py, = precipitation onto the lake area represented by node i, (L/T);
EVy, = evaporation from the lake area represented by node i, (L/T);

Quint. = lake-groundwater interaction, (L3/T);

A = lake area represented by node i, (L?);

o

inflow from stream diversions, (L3/T);

Table 2.3 Version numbers and features of the lake components

Version Features

4.0 e Lake storage is computed as a function of precipitation,
evaporation, lake-aquifer interaction, streams flowing into the
lake, diversions and bypasses into the lake, surface runoff into the
lake and lake outflow

e Lake outflow is calculated as the amount of storage that is above
a maximum lake elevation

5.0 e Lake storage calculation is the same as in version 4.0

e Lake outflow is calculated based on a rating table describing the
relationship between the lake elevation and lake outflow; the last
elevation entry in the rating table is assumed to be the maximum
lake elevation
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Quu = inflow from bypass flows, (L*/T);

Q. = rainfall runoff into the lake, (L/T);

Quux = inflow into the lake due to the return flow of agricultural and urban
applied water, (L3/T);

Qux = inflow from upstream lakes, (L*/T);

Figure 2.9 Hydrological components that affect lake storage

LEGEND

P..... Precipitation Q... Streamflow into lake
E..... Evaporation Q, ... Lake-groundwater interaction
d, ... Thickness of the lake bed
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Queo outflow from lake in case lake surface elevation exceeds a pre-
specified maximum elevation, (L3/T);

t = time, (T).

As can be seen in equation (2.48), diversion and bypass flows can be set as
inflow to the lake. Additionally, rainfall runoff and return flow of applied water can
be directed into the lakes. At alake node i, evaporation rate is pre-specified as a
function of time. Furthermore, lake storage is related to the lake surface elevation

through a rating table:
S =Si(bi) 5 hp<hg (2:49)

where
hu

h = maximum elevation of lake surface, (L).
K ok

elevation of lake surface, (L);

If the lake surface elevation exceeds the maximum elevation, the excess water
becomes lake outflow, Qu.. This outflow can be directed into a stream node or into

a downstream lake.

2.7.1.a. Lake-Groundwater Interaction in Component Version 4.0

Similar to stream-groundwater interaction, lake-groundwater interaction can be

expressed as

Qikint; = Clk, [maX(hu( i, )_max(h;hblki )} (2.50)
where

Qukint, = lake-groundwater interaction, (L3/T);

Ck, = conductance of the lake bed material at lake node i, (L?/T);

hy = lake surface elevation, (L);

h = groundwater head at lake node i, (L);

hy, = elevation of the lake bottom at node i, (L);

The conductance of the lake bed material that appear in (2.50) can be expressed

as
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Ky,
Cr, =d—A1ki (2.51)
Ik,
where
Ky, = hydraulic conductivity of the lake bed material, (L/T);
dj. = thickness of the lake bed material, (L).

It should be noted that Qkint, and A, that appear in equations (2.50) and
(2.51) are the same terms that appear in the groundwater conservation equation
(2.15). Lake storage equation (2.48) is coupled with groundwater conservation

equation (2.15) through the lake-groundwater interaction term, Qkint, - In order

to compute groundwater heads, lake storage and lake-groundwater interaction
properly, it is necessary to solve equations (2.15) and (2.48), simultaneously. The
solution methodology used in IWFM will be discussed in detail later in this

document.

2.7.2. Lake Component Version 5.0

The lake storage and lake-groundwater interaction in component version 5.0 are
computed in the same way as in version 4.0 (see equations (2.48) - (2.51)) except
the lake outflow, Qy., is defined as a lake-elevation-versus-outflow type rating table.
This approach allows gradual increase of the lake outflow as the lake surface
elevation increases until a maximum elevation is reached. The last elevation listed in
the rating table is assumed to be the maximum elevation the lake can attain and any

lake storage beyond this maximum elevation because outflow.

2.8. Land Surface and Root Zone Flow Processes

Precipitation is the natural source for the replenishment of groundwater, stream
flows and lake storage. The amount of precipitation that falls directly on the streams
and lakes contributes to stream flow and lake storage immediately. Precipitation
that falls on the ground surface infiltrates into the soil at a rate dictated by the type of
ground cover, physical characteristics of the soil and the soil moisture content. The

portion of the precipitation that is in excess of the infiltration rate generates a surface
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flow and runs towards nearby streams, lakes or other bodies of water in the direction
dictated by the contours of the ground surface. In situations where groundwater
table rises high enough and intersects with the ground surface, the groundwater
seeps onto the surface contributing to the surface flow generated by the
precipitation in excess of infiltration (Dunne, 1978). In IWFM, the surface flow
generated through these means is termed as direct runoff. Direct runoff can also
infiltrate into the soil further down the slope or evaporate before it even reaches a
nearby body of water. However, modeling this complex nature of direct runoff
requires highly detailed information on physical characteristics of the soil, ground
cover, topography, evaporation patterns, etc. This information is generally not
available at the scale that IWFM is designed for. Therefore, the infiltration and
evaporation of direct runoff on its course to a nearby body of water are neglected in
IWEM. Instead, once the direct runoff is computed it is immediately carried to a
pre-specified location such as a stream or a lake.

Irrigation of agricultural lands and urban outdoor water use also follow similar
infiltration and runoff patterns of precipitation. In IWEM the surface flows
generated by the agricultural irrigation and urban water use is termed as return flow.
Return flow generated by agricultural irrigation runs in the direction dictated by the
contours of the ground surface, whereas return flow generated by the urban water
use generally follow man-made structures. In both cases, IWFM treats return flows
similar to the direct runoff and these flows are immediately carried to a pre-specified
location.

Even though groundwater table can rise and intersect with the ground surface
saturating the entire soil profile, an unsaturated zone generally exists between the
ground surface and the groundwater table. An unsaturated zone is defined as the soil
profile where pore space saturation is less than 100%. The water from precipitation
and irrigation water that infiltrate into the soil have to flow through this unsaturated
zone before reaching the groundwater as recharge. The top layer of this unsaturated
zone designated by the depth of the plant roots through which moisture is drawn
out of the soil is called the root zone. As moisture in the root zone flows downward
due to the gravitational force, it is also drawn out of the soil through plant roots for
transpiration and the process of evaporation. The combined processes of plant root
uptake for transpiration purposes and evaporation is termed as evapotranspiration.
Figure 2.10 illustrates an example of a system of root zone and unsaturated zone,

and the hydrological processes in these zones as it is modeled in IWFM. To connect
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Figure 2.10 Schematic representation of flow through the root zone and the
unsaturated zone
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the groundwater system with the surface flow processes, simulation of storage and
flow through the root zone and unsaturated zone is necessary. In general, moisture
in the root and unsaturated zones can move in horizontal direction as well as the
vertical direction. In IWFM, it is assumed that the horizontal movement of the
moisture in the root and unsaturated zones is negligible compared to the vertical
movement, therefore only the flow of the moisture in the vertical direction is
addressed. To increase the accuracy of the simulated vertical flow, IWFM has the
functionality to separate the unsaturated zone into multiple layers (Figure 2.10).
The moisture that leaves the root zone and enters the unsaturated zone is termed as
percolation. The moisture travels downward through the unsaturated zone and
eventually recharges the groundwater. The groundwater recharge is named as deep
percolation (Figure 2.10). As the groundwater rises through deep percolation, the

unsaturated zone between the root zone and the water table becomes smaller and
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the groundwater can start contributing to the plant evapotranspiration. This process
of the plants drawing some or all of their evapotranspirative needs from the
groundwater is referred as the root water uptake from groundwater and is already
described in section 2.4. Root water uptake from groundwater is generally
controlled and minimal in agricultural areas to promote vertical drainage in the root
zone, and hence, leaching of the soils. On the other hand, root water uptake from
groundwater can be substantial in areas with native vegetation where groundwater
elevations are not controlled.

The methods that are used to simulate land surface and root zone processes in
IWFM are discussed in detail in a separate document (see Dogrul et al., 2017) and
will not be discussed any further here. Dogrul et al. (2017) details the IWFM
Demand Calculator (IDC) which is also used as the root zone and land surface flow

simulation component in IWFM.

2.9. Moisture Routing in the Unsaturated Zone

Moisture routing in the unsaturated zone is performed over a pre-specified number
of unsaturated layers. The simulation of moisture through multiple layers
approximates the vertical movement of water in the physical system more precisely
because of the finer spatial discretization created. The lag between the time when
moisture enters the unsaturated zone above and the time it leaves the unsaturated
zone below can be simulated more accurately.

The methodology for routing moisture through unsaturated layers is similar to
that used in the root zone as described by Dogrul et al. (2017). The conservation

equation for an unsaturated layer m is

0(D,0,,0)
ot = Q-in,n - Qout,n (2-52)
where
n = unsaturated layer number counting from top down,
(dimensionless);
D. = thickness of layer n, (L);
Oun = soil moisture in n® unsaturated layer, (L/L);
Qune = inflow into unsaturated layer n from layer n—1, (L/T);
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Qoutn outflow from unsaturated layer n to layer n+1, (L/T);
t = time, (T).
Assuming that the vertical head gradient is unity, using van Genuchten-Mualem

equation (Mualem, 1976; van Genuchten, 1980) and assuming residual moisture

content is negligible, the flow out of layern, Q ¢ ,, can be expressed as

Qout,n = Ku,n (2-53)

and
2
m
Ku,n :Ks,n = 1-{ 1| —= (2.54)
1ﬁlT,n nT,n
A
m=—-7" (2.55)
Ay +1

where

Kun = unsaturated hydraulic conductivity of layer n, (L/T);

Ksn = saturated hydraulic conductivity of layer n, (L/T);

NTn = total porosity of unsaturated layer n, (L/L);

Ap = pore size distribution index of unsaturated layer n,

(dimensionless).

As an alternative to the van Genuchten-Mualem equation, IWFM can use
Campbell’s approach (Campbell, 1974) to represent the unsaturated hydraulic

conductivity:

3+i

0 n
L (2.56)
T]T,n

K,,=K

u,n - vs,n

where the assumption of negligible residual moisture content is applied.
Equation (2.52), coupled with (2.53), is solved for each unsaturated layer from
top down in a sequential order. At each layer, the inflow term Qj;» is known from

the routing of moisture at the layer above, i.e. Qin = Qoutn1. For the first
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unsaturated layer (i.e.n = 1), Qy, is equal to the percolation computed by the root
zone component of IWFM (Dogrul et al,, 2017). The outflow at the last
unsaturated layer is the deep percolation into the groundwater system.

The number of layers and their thicknesses are predefined input parameters.
Based on the elevation of the groundwater table, three scenarios can occur for an
unsaturated layer during the simulation period: (i) the total thickness of the layer is
unsaturated; (ii) the groundwater table intersects the unsaturated layer so that the
partial thickness of the layer is saturated and (iii) the layer is occupied completely by
groundwater, and is no longer unsaturated. If the elevation of the groundwater table
is lower than the bottom of the last unsaturated layer, then IWFM re-computes the
thickness of the last layer and extends it down to the groundwater table. If a layer
becomes fully saturated during the simulation period due to the rising groundwater
table, the moisture routing in that unsaturated layer is ceased until the layer is at
least partially unsaturated again. If alayer is partially occupied by saturated
groundwater, then the thickness of the layer, D, that appears in equation (2.52) is
computed as the unsaturated thickness of that layer. Therefore, even though the
thicknesses of each unsaturated layer are pre-specified, they are in fact dynamic, and

computed internally in IWFM through the simulation period.

2.10. Small Watersheds

Small watersheds adjacent to a model area can contribute to surface and subsurface
flows occurring in the model area. To account for the flow contributions of small
watersheds, surface and subsurface flows at these watersheds are simulated with an
approximate method. Itis assumed that flow between the small watersheds and the
modeled region is one-way; the direction of subsurface and surface flows is always
from small watersheds into the modeled region.

The surface flow that occurs in a small watershed is assumed to be due solely to

the direct runoff of precipitation:

2
1 (P,At—0.2S

Seer = (Pu ) A, (2.57)
At P, ,At+0.8S,,

where
Swr = direct runoff from the small watershed, (L3/T);
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P, = precipitation rate at the small watershed, (L/T);

Sw = retention parameter at small watershed modified with respect to
the soil moisture in the unsaturated zone (see previous sections for
the computation of this term), (L);

At = time period over which the precipitation rate has occurred, (T);

Ay

As described earlier, once the direct runoff is computed the infiltration that

surface area of the small watershed, (L?).

occurs at the small watershed can be computed as

Lt =(Py, —Syr)Ay (2.58)
where
wap = infiltration of precipitation at the small watershed, (L*/T).

The vertical movement of moisture in the unsaturated zone at the small
watershed is computed using the methods described in preceding sections and in
Dogrul et al. (2017). The computed percolation, as an outcome of the soil moisture
accounting, represents the inflow to the groundwater storage at a small watershed.
The conservation equation for the groundwater storage at the small watershed is

expressed as

Swg_y, ~Qye—Q (2.59)
o WP wwg T wgs '
where

Swe = groundwater storage within the small watershed boundary, (L*);

D.yp = deep percolation, i.e. recharge, to the groundwater storage within
the small watershed domain (computed using the methods
described in the preceding section), (L3/T);

Quyg = subsurface outflow from the small watershed that contributes to
the groundwater storage at the modeled area, (L*/T);

Qug = contribution of groundwater storage to the surface flow at the small
watershed, (L*/T);

t = time, (T).
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The subsurface flow from the small watershed, Q.,, contributes to the
groundwater storage at the modeled area at pre-specified locations. It is

approximated as

Qwg =CuwgSwg (2.60)
where
Cuwg = subsurface flow recession coefficient, (1/T).

Contribution of the groundwater storage to the surface flow at the small
watershed, Qug, is computed as a non-zero value only if the groundwater storage,

Swg exceeds a predefined threshold value:

Q yvgs =Cuvs (Swg —swgt) (2.61)
where
Cus = surface runoff recession coefficient, (1/T);

Sugt = threshold value for groundwater storage within the small watershed
above which groundwater at the small watershed contributes to
surface flow, (L?).

Finally, the total surface flow from the small watershed that contributes to the

surface flows at predefined locations in the modeled area is computed as

Qs = Q.wgs +Syr (2.62)
where
Qus = total surface flow from the small watershed that contributes to the

surface flows in the modeled area, (L3/T).
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3. Numerical Methods Used in Modeling of
Hydrological Processes

The conservation equations for the hydrological processes modeled in IWFM are
detailed in previous chapter. In order to model the hydrological processes and the
interactions among them, it is necessary to solve these equations simultaneously.
However, since most of these equations are non-linear and the interaction terms are
complex, it is impossible to obtain an analytical solution except for very simple,
hypothetical cases. For this reason, IWFM utilizes numerical techniques to obtain
approximate solutions to the equations listed in the previous chapter. This chapter

is devoted to the explanation of the numerical methods used in IWFM.

3.1. Finite Element Representation of the Groundwater
Equation

The conservation equation for the groundwater system is given in the previous

chapter as
h _ _
0= afai ~V(T Vh)+1,L,Ah" +T4LgAR! —qo +qeq + et
Q_gint
“§(x—x.,y—y, )xsint
( S y YS) AS
Q ki
—8(x—X1k;Y—Y1k) =
A
S(x X,y i) .
Ay

Equation (3.1) is a partial differential equation that models the unsteady
groundwater head field in a multi-layer aquifer system that consists of confined
and/or unconfined layers. In order to solve this equation, IWFM utilizes the
Galerkin finite element method to discretize the spatial domain and obtain a set of
ordinary differential equations in which the unknowns are the groundwater heads at
a finite number of nodal points within the model domain. The spatially and

temporally continuous groundwater head field in an aquifer layer m, can be
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approximated by the head values at discrete nodal points as (Huyakorn and Pinder,

1983):
. N'-m
h(x,y,t)= wj(x,y)hj(t) (3.2)
j=N-(m—1)+1
where
fl(x,y,t) = approximation of h(x, y, t), (L);
Obj(x,y) = shape functions, (dimensionless);
hi(t) = nodal hydraulic head values, (L);
m = aquifer layer number, (dimensionless);
N = total number of nodal points in an aquifer layer, (dimensionless).

Equation (3.2) is valid for all layers of an aquifer system that consists of Ni

layers. Substitution of (3.2) into (3.1) will generally result in a nonzero residual €:

8Ssh o o : ;
e= as _V(T \Y h)-i_IuLuAhu +IdeAhd ~90 T9sd et
t
Qgint
“S(x—x.,y—y. )=sint
( S y ys) AS
Q ki
—3(x—xype,y — Y )t
Al
Q
_S(X_XtdrY_Ytd) > (3)
Ad

According to the Galerkin approach, the inner products of equation (3.3) and
the shape functions @; are required to be equal to zero. That is, equation (3.3) is
multiplied by the shape functions ®; (i =N-(m-1)+1,--,N- m) for each aquifer
layer. The resulting N x Ny equations are integrated over the entire domain and

the result of each of these integrals is required to be equal to zero (Huyakorn and
Pinder, 1983):
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O ot
Q_gint
—5(x—x., sin
(x—x5,y-7s) A,
Q .
_S(X_Xlk;Y_YIk)%
1k
Qy i:N-(m—1)+1,---,N-m
=d(x—x9,y— —< |m:dQ2 3.4
(X Xtdsy Ytd)Atd ; m=1,- N, (34)
where
Q = spatial domain of the problem.

It should be noted that the shape functions depend only on the geometric
characteristics of the finite elements, therefore they are the same for each layer, i.e.
O] = 04N == O N(N, 1) where i=1,---)N.

Equation (3.4) is valid for all layers of a multi-layer aquifer system with N
layers. In fact it is necessary to define equation (3.4) for all layers of the aquifer
system in order to obtain a closed system of equations. Figure 3.1 depicts the node
numbering convention used in IWFM for a hypothetical aquifer system with Ny,
layers and each layer discretized into 2 elements with N=5 nodes. This node
numbering convention is used interchangeably in the rest of this document to
express Ly, Ly, hy and hq (refer to previous chapter for a definition of the terms) for a
node as Ljx, Lj:, hjn and hy,x, respectively.

Substituting equation (3.2) into (3.4) and applying Green’s theorem to

eliminate the second order derivatives result in the following equation:

Ozﬂ Nzr:n assjhj @;0;dQ
Qj=N-(m-1)+1 o
N-m N-m
[ > TeV(he)adr+[[ > TV(hjo) Vedo
I j=N-(m-1)+1 Q j=N-(m—1)+1

N'm
Qj=N-(m-1)+1
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N-m
Ff1-Hm-N)[] Y Linoshlowd
Qj=N:{(m-1)+1

—_qucoidQ + Iqud@idQ + IjqetmidQ
Q Q 0

—HSX X,V — yS)Qsmt ;dQ
Q S

—[[3(x=xpe,y- }’11<)stikmt @;dQ
0 Ik

i=N:(m-1)+1,---,N-m
__U.S(X_Xtd;y_)’td )% @;dQ

I . meter; (39
where
r = boundary of the spatial domain, (L);
i = outward unit vector perpendicular to the boundary,
(dimensionless);
N. = total number of aquifer layers, (dimensionless);

H(*)

Heaviside (step) function to express the indicator functions I, and
Lsin terms of the layer number m, explicitly, (dimensionless);

The vertical head differences, Ah}1 and Ah]d , at a finite element node are also
introduced in (3.5). These terms are computed by using the head values in the
vertical direction at a finite element node; i.e. hjx, hj and hj..

IWFM utilizes a mass lumping method to simplify equation (3.5). According to
this method, it is assumed that the head over an element can be approximated by a
head value at any one of the nodes; i. e. h= h;. The choice of the node for this
purpose is based solely on the indexj. It has been suggested, particularly in non-
linear equations, that mass lumping typically generates a smoother numerical

solution than that arising from the strict Galerkin, or consistent, formulation (Allen,

etal, 1988). Applying the mass lumping technique to the storage and leakage
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Figure 3.1 Node numbering convention used in IWFM for an aquifer system with N
layers and N=5 nodes in each layer

L 2
/ ORYS O~ Layer
— ‘ 5
i : Layer 2
8
S(Ny —1)+1
i Layer N
5( N L~ 1 )+ 3

terms of (3.5) (i.e. first, fourth and fifth integral terms), and performing the

differentiations in the third integral term results in

88, h
0= L ».dQ
g ot

N'm . 0; . O,
~(farodr+ Y ”Thj(ag;l ;u@“’l wljdg
T =N{(m-1)+10Q oy Oy

+H(m—2)[[L;_yAh}'0dQ
Q
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+[1-H(m-Np) ][ LisnAbf 0 dQ
Q

_” qowidQ+IJ.qsdwidQ+ ”qetwidQ
Q Q 0O

A

S

—HS(X — X, Y~ Vs ) Lsine ®;dQ
Q

_J..[B(X_Xlka_YIk)Qijnt ;dQ2

O Ik
Qy i=N-(m-1)+1,-,N-m
—0(x—xq,y— —= ;dQ2
‘g (x XtdryY Ytd)Atd i m=1, N (3.6)
N-m B
where qr = z TV(thJj ) -1 is the inflow that is perpendicular to the
j=N-(m—1)+1

boundary of aquifer layer m. Equation (3.6) is valid for all layers of a multi-layer
aquifer system. Therefore, it represents a set of Nx N ordinary differential
equations for an aquifer system that is comprised of N layers with the unknown
groundwater head values at Nx N nodal points.

To solve equation (3.6), the time coordinate is also discretized using the fully

implicit discretization method. Ultilization of this method results in the following

equation:
o s (h§+1 ~TOP, ) +SL (TOPi —h! ) o0
e At

N'm ow; ow;

t+1 t+1y t+1[ 00; 905 Jo; OO
~[[qodr+ 3 [T h! ( i) 2 ]dQ

r =N{(m-1)}+10Q Ox Ox Oy Oy

+H(m=2)[[ Li_N(Ah;1 )t+1 ©,dQ
Q
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+{1_}KHT_NLX“]L”N(Ah?Y+ﬂmdg
O

- j j qi+lmid9+ﬂ q"ModQ+ ﬂqtejlmidg
Q Q Q

t+1
—”8(){ —X,Y — Vs )% ®;dQ2

Q S
1
Q)
—HS(X ~ X[y VK )t 0;dQ
0 Ak
t+1 .
i=N-(m-1)+1,---,N-m
- 8(X_Xtd:}’_}’td) = ;dQ (3.7)
where
TOP; = top elevation of the aquifer at node i, (L);
At = length of time step, (T);
t = index for time step, (dimensionless).

The time discretization of the first integral term in (3.7) reflects the effort to
simulate changing aquifer conditions. As an example, consider the case where the
aquifer converts from confined to unconfined during a simulation period At. At
time step t, S;, is equal to the storage coefficient, S, , of the confined aquifer. At

1 1

t+1

time step t+1, S is equal to the specific yield, S, , of the unconfined aquifer. In

this case, the rate of release of water from storage during the time step has two
components (McDonald and Harbaugh, 1988):

So, (TOP ~h{)
At

(3.8)

and
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Sy, (n{* ~TOR
At

(3.9)

Equation (3.8) is the rate of release of water from the confined storage and
equation (3.9) is the rate of release of water from the unconfined storage.
To compute the integrals in (3.7), it is necessary to define the global shape

functions, o;, explicitly. In finite element method, the shape functions are defined

separately for each element so that an element shape function, ®; , is non-zero only
over the particular element it is defined for, and is zero for the rest of the spatial
domain. When the element shape functions are combined, they will produce the
global shape functions within the model domain. Since element shape functions are
non-zero only over the particular element, the integrals in (3.7) defined over the
entire domain, Q, will reduce to integrals over the part of the domain occupied by
individual elements, €2°. With this approach, the task is reduced to the computation
of the contribution of each element to the global set of equations given in (3.7).

Based on the above discussion, (3.7) can be expressed as

N.m st (hit“ ~TOP, ) 48t (TOPi - hit)

o= ) ] . ©dQ°
e=N.(m-1)+1 | e

l—e

_J’J’th(D?dre
re

" Nf H(Te)mht,ﬂ 0 003, 20090 |y
=N:(m-1)+1 e ] Ox  Ox dy Oy

+H(m-2) [[ Li_N(Ah}l )t+1 0tdO°
o

+[1-H(m-Np) ][ Li+N(Ah§1 )t+1 oo
o
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[fatotant  [[astotaot + [fq:uraes
Q¢ Q¢ Q¢

t+1
—H S(X —Xg, Y~ Vs ) Lsine (ofdQe

Qe AS
1
QU
—H S(X — X1,V — Vik )ﬂm?dQe
iy Ap
1 .
Q_tJr i=N-(m-1)+1,---,N-m
~[[8(x—xq,y i )-0tdQ® T (3.10)
0 Ay ! m=1Ny,
where
o = element shape function defined at node i of element ¢,
(dimensionless);
Qe = portion of the model domain occupied by element e, (L?);
I = face of element ¢ that lies on the model boundary, (L);
e = index for element number, (dimensionless);
N. = number of elements in an aquifer layer, (dimensionless).

A particular equation from the equation set (3.10) represents the approximate
form of the groundwater conservation equation at a node i. The element shape
functions will be non-zero only for those elements that connect at node .
Therefore, only the integrals of (3.10) that are defined over these elements will have
non-zero values.

In IWFM, the finite element method is implemented with linear triangular
and/or bilinear quadrilateral elements. In this approach, three nodes define a
triangular element, whereas a quadrilateral element consists of four nodes. For both
types of elements, the nodes are the points within the problem domain where heads
are calculated. In the following section, the expressions of the element shape

functions for linear triangular and bilinear quadrilateral elements are derived.
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3.1.1. Shape Functions

3.1.1.a. Linear Triangular Elements

For a linear triangular element with nodes i, j, k in the counterclockwise direction

(Figure 3.2), the head over the element e can be approximated by a linear

interpolation function (Huyakorn and Pinder, 1983):

fle(x,y)zal +ayx+agy

Figure 3.2 A representative triangular element
i; (Xi; Yi)

k, (xi, yi)

Js (Xi) Yi)

(3.11)

Substituting the
coordinates and the head
values at each node into
(3.11) will generate 3
equations with 3
unknowns, namely aj, a,
and a;. Solving the
system of equations and
rearranging terms results
in an estimate of the head
that is valid over the
linear triangular element

e:

h® (x,y) =of (x,y)h; +f (x,y)h; + of (x,y)hy (3.12)
where
of (xy)=—= (i) (v =y o+ (= )y | (3.13)
1
of (x,7) =—=] (ki =xiyic )+ (yic = vi ) x+ (x; —xi )y | (3.14)

2A¢

1=l el
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A :i(xiyj =y J+ (e =) (e )|

:%[(xi—xk)(yj—yk)+(xj—xk)(yk—yi)J (3-16)

In (3.12), (,l)ie , 0);' , (Di are the element shape functions and A® is the area of the

triangular element.

3.1.1.b. Bilinear Quadrilateral Elements

To define the shape functions for bilinear quadrilateral elements, the element

coordinates are transformed from (x, y) space into (&, 1) space (see Figure 3.3) so
as to use efficient numerical techniques in carrying out the integrals given in
equation (3.10). Using the Lagrange polynomials, x and y can be expressed in terms
of & and 1 in the following form (Huyakorn and Pinder, 1983):

4
x= ) op(EN)x, (3.17)

m=1

4
y= 2 0n(EN) ¥m (3.18)
m=1
where ®; (€,1) are the element shape functions in (&, n) space.

The shape functions 5, (&,M) can be expressed in terms of first-degree
Lagrange polynomials as

o \&7=¢& )i n™-nm
g#g" M=

2 _z 2 _
@ (En)= H [i} H (1&} m=1,--4 (3.19)
k
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Figure 3.3 Transformation of a quadrilateral element from
(x, y) space to (& n) space

4, (X4) Y4)
1, (x4, y1)
3) (X3) Y3)
y
X 2, (%2, y2)
v
n
4 3
1
-1 1
&
-1
1 2

where ™ and n™ are the coordinate values of node m in (&, 1) space, whereas
€, =m; =-1 and &, =n, =1. The formulation in (3.19) results in the following

shape functions:

aﬁ@wo=§@—n0ra> (320)

waam=§0+@a—m (321)
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w§<é,n>=§<é+1><n+1> (322)

wi(&m)zi(l—é)(lm) (323)

Furthermore, an integral defined over the element area in (x, y) space can be

expressed in (&, 1) space as

Yb Xb 11
[ [y dedy=[ [£(&n) )] dgdn (3.24)
YaXa -1-1

where |]| is the determinant of the Jacobian of the transformation from (x, y) space

into (&, 1) space:

ox Oy
0 0
Jl= & é B A (3.25)
x oy 0 on  OE on
on on

The partial derivatives that appear in (3.25) can be calculated by substituting
(3.20)-(3.23) into (3.17) and (3.18), and by performing the appropriate partial

differentiation. After algebraic manipulations, (3.25) can be written as

| J|:é(a+b§+cn) (3.26)
where

a=(x1=x3)(y2-y4)=(x2=x4)(y1-¥3) (3.27)

b=[~(x1=%:)(y3=y4)+(x3=x4)(y1-72) ] (3.28)

c=[~(x1=x4)(y2 ~y3)+(x2 =x3)(y1-v4) ] (329)
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3.1.2. Computation of Integrals

t+1
Of all the terms included in the integrands that appear in (3.10), only ©;, (Te )

and the dirac delta functions (namely, 8(x —x,,y—y,), 8(x—x,y—y} ) and

8(X —X¢drY — Vid ) ) are spatial functions. The rest of the terms of the integrands

are either constant over an element or only functions of time (refer to the following

sections which demonstrate that land subsidence, stream-groundwater interaction,

lake-groundwater interaction and tile drain/subsurface irrigation flows over an

element as functions of time only). It should be noted that the boundary flow,
N,.'m

€

Z ” qttlw?dre , is a part of the boundary conditions and its value
e=N,{(m—1)+ipe

should already be available. A common practice in finite element method is to

t+1
assume that the transmissivity, (Te ) ,is constant over an individual element but
e t+1
differs from one element to another. In IWEM, (T ) is computed as the average

t+1
transmissivity over an element. Approximating (Te ) using the element shape

functions and averaging it over an element ¢, one obtains

t+41 ] Je
e _ .t+1 e e
(T ) - Il ZT] of O (3.30)
Qe ]:1
where
n. = number of nodes that constitute element e; 3 for a triangular

element and 4 for a quadrilateral element, (dimensionless);

Ac = areaof element e, (L?);

Tth = transmissivity at the j node that constitute element ¢, (L?/T).

t+1
Once the elemental transmissivity, (Te ) ,is defined, IWFM utilizes a

simplification procedure on the conductance term (third integral of equation
(3.10)) in order to decrease the required computer storage. At node i, the

conductance term is expressed as
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I\f‘; “’(Te )t+1 hﬁ‘l 80)ie 60);% + 60)? awje doe
j=N{(m-1)+1 e J Ox  Ox dy oy

e t+1 N'm e e tul e .
=(r) ] X (Veivesht )+ Veivern™ gos (331)
Q¢| =N{(m-1)+1
ji

In equation (3.31), the i term of the summation is simply separated from the
summation notation. It can be shown that the shape functions for both linear

triangular and bilinear quadrilateral elements sum up to unity:

N'm
> o =1 (3.32)
j=N{(m—1)+1
From (3.32)
N'‘m R R N'm R
> Vof =Vaof + > Vof =0 (3.33)
j=N«(m-1)+1 j=N{(m-1)+1
j#i
or
—_ N.m —_
Vof=- > VoS (3.34)
j=N{(m-1)+1
j#i

Substituting (3.34) into (3.31) results in
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I\im ” ( )t+1 ¢+1| 00f 560] +803f ows JO°

h;
j=N~(m—1)+1 Q¢ Ox Ox 5}7 6}7
t+1 N'm o N'm e
()] X (VefVernt)- Y. (VeVerat) poe
0°| j=N{(m-1)+1 j=N+(m-1)+1
i3 j#i
t+1 Rl t+1 o, t+l
=—(Te) H IR AL (h ~h! ) Q° (3.35)
0¢| =N{(m-1)+1
i

After substituting (3.30) and (3.35) into (3.10), the only spatial functions
defined over an element are the element shape functions. The rest of the terms
included in the integrands can be moved out of the integrals. After this procedure

only the following integrals remain to be computed for each element in (3.10):

j j otdOe (3.36)
O°
IIS(X—XO,y—yo)mfdQe (3.37)
O°

8&) .
ﬂ( =~ ax ay adeQ (3.38)

In (3.37) x, and y, represent either the coordinates of a stream location, (x,, ys),
the coordinates of a lake location, (xu, yi), or the coordinates of a tile
drain/subsurface irrigation system, (x4, yi1), depending on the integral being

computed in (3.10).
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3.1.2.a. Integration over Triangular Elements

After substituting any of the equations (3.13)-(3.15) into (3.36), it can be shown
that (Huyakorn and Pinder, 1983)

j j @$dQe =ATe (3.39)

where A® is the area of the triangular element and it is given in equation (3.16).
In IWFM, it is assumed that the integral in (3.37) yields the area of stream, lake
or tile drain/subsurface irrigation system that lies over the part element e that is

associated with node i:

st XorY Yo )0'dQ° ZAY; (3.40)
Qe

where Ag,i is the elemental area of the stream, lake or tile drain/subsurface

irrigation system depending on the integral being computed in (3.10).
By differentiating the equations (3.13)-(3.15) with respect to xand y, and
substituting them into (3.38) one obtains (Huyakorn and Pinder, 1983)

6co~e

.Uaxax 5y5dee

1

- [(yi_Yk)(Yk_Yi)’L(XJ"Xk)(Xk‘Xi)J (3.41)

4A¢

3.1.2.b. Integration over Quadrilateral Elements

IWFM utilizes the coordinate transformation from (x, y) space into (&, 1) space and
uses 2-point Gaussian quadrature technique in order to calculate the integrals in
(3.36) and (3.38) numerically for quadrilateral elements (Gerald and Wheatley,
1994). Using the equality given in (3.24)
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11
[ of (xy)ae = [ [ of (& m)]j|dedn (342)
Qe 1-1

where o;(&,n) is given in (3.19).
Application of the 2-point Gaussian quadrature on the integral in (3.42) results

in

11
[ [ o Enlilde dn

-1-1

11
= | [cem) dean

-1-1

;{G(%,%)+G(%,—%}+G(—%,%)+G(—%,—%ﬂ (3.43)

where G(&,1)=0f (§,1)|J| and |J] is given in (3.26).

Similar to the assumption made for triangular elements, it is assumed that the
integral given in (3.37) is equal to the area of stream, lake or tile drain/subsurface
irrigation system over the part of quadrilateral element e that is associated with node

i

[ 8(x=x0,y-70)otdQ = A (3.44)
Qe

To compute the integral in (3.38) for a quadrilateral element, it is necessary to

define the partial derivatives in terms of § and 1. Using the chain rule, one obtains

6mf:6mieﬁx+6mie8y (3.45)
0 ox OE Oy OF
ow; _ Owf 6‘x+50)ie Oy (3.46)

on Ox On 0Oy On

which can be expressed in matrix form as
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ow; o
g
=] (3.47)
ow; ow;
on Oy
"o oy
% o
where J= is the Jacobian of the transformation whose determinant is
x Oy
[on on]

e e

given in (3.25). Equation (3.47) can be solved for a;j: and — using matrix

algebra:
ow; ow;
g
=51 (3.48)
ow; ow;
Oy o

In (3.48), |J| stands for the determinant of the Jacobian, which is given in
(3.25). Based on these results, the integral in (3.38) can be transformed into the

(&, M) space as

aco 80)-e
ﬂ[@x 21 e

11
= [ [G(em)dedn

-1-1

;H%%}G[%,_%}G(_%,%}G(_%,_%ﬂ (3.49)

where
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e

aem)=t (ay awf_ayawfj oy 0] oy 9§

Jl|\on & o0& on | on 0& & on
(S €

| _oxo0l oxdef || ox gl L0 00 (3.50)
on 0& 0& on )| oOn 0 0E On

The integral .U ©{dQ® in (3.36) can be interpreted as the part of the area of

Qe
element e that is associated with node i. Summation of all such areas of elements
that connect at node i defines the total area that is associated with node i (Figure

3.4). Therefore, one can express the area associated with a node i as

N.-
A= im AS (3.51)
1 1 ¢

e=N,«(m-1)+1

where

A§ = [[ ofae
o

part of the area of element e that is associated with node i,

(L?);
A total area associated with a node i, (L?).

To be able to solve equation (3.10) numerically, it is also necessary to discretize

the vertical flows, subsidence,

stream-groundwater interaction,

Figure 3.4 Total area that is associated with node i . .
lake-groundwater interaction

and tile drains/subsurface
irrigation terms as well as
boundary and initial conditions.
In the following sections, the
temporal and spatial
discretization of these terms will

be discussed.
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3.1.3. Vertical Flows when Aquifers are Separated by an Aquitard

The head difference between the aquifer layer in consideration (i.e. layer m) and the

upper adjacent layer (i.e. layer m-1) is expressed in the finite element notation as

t+1
-

where
h;
hi—N
Z},

Zti
t
t+1

A LT N T I
i 1

i i—-N i-N 1
zp, —hF*i] if hi<z 5 B >z

o : v (3.52)
hi —zt, if hi Zzbi ; hi_N =z,
0 if h®<z, ; h' =z
i 1 i—-N 1

head at node i, (L);
head at upper adjacent node, (L);
bottom elevation of the aquitard at node i, (L);

top elevation of the aquitard at node i, (L);

index for previous time step, (dimensionless);

index for present time step, (dimensionless).

t+1
It should be noted that the decision on how to compute (Ah}l) in (3.52) is

based on the known head values at time step t. During the development of IWFM,, it

has been observed that using the unknown head values at time step t+1 to perform

the above computations creates convergence problems. On the other hand, the

formulation given in equation (3.52) results in robust solutions.

Similarly, the head difference between the aquifer in consideration (i.e. layer m)

and the lower adjacent layer (i.e. layer m+1) can be expressed in the finite element

notation as

t+1
(Ah?) -

t+1 t+1 . t t
h™" —h’ if hiZZti ; h 27},

i i+N i+N 1
ze —h™ if hP=z,  ; B >z
& i+N i 4 ’ i+N 1 (3 53)
t+1 t t )
h™"" -z if h™ 2z ; h <z,
i i i i i+N i
. t t
0 if h"=z, ; h <z
i 1 i+N 1
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Substituting (3.52) and (3.53) into equation (3.10), one can express the vertical

flow terms as
N.'m

> H(m-2) H Li_N(Ah}l )tH ofdO°

e=N,{(m-1)+1 ¢

t+1
:H(m—z)Li_N(Ah}’) A (3.54)

Nem t+1
Y [-H(m-Np)] ] Li+N(Ahid) 02dQ°
e=N,(m-1)+1 Q°

Z[I_H(m_NL )]Li+N(Ah§1 )Hl A (3.55)

3.1.4. Vertical Flows when Aquifers are not Separated by an Aquitard

As in the previous section, the head difference between the aquifer layer in
consideration and the upper adjacent layer can be expressed in finite element

notation as

1 1 .
hi™ -hiTy if hi>z 5 hin>7
2\t ] 7k ~h*N  if hi<z,  ; hin>z
() =) N (356
hi _Zki lf hi ZZki ; hi—N =Zki
ot t
0 if hj <zk, ; hin =2k,
where
). = elevation of the interface between the aquifer in consideration and

the upper adjacent aquifer layer at node i, (L).
Similarly, one can express the discretized head difference between the aquifer

and the lower adjacent aquifer layer as
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R T T I LY
i i+N i 1 i

t+1 ot oot
)t+1 zk, —h if hi =z, ; b 2z

! Bt £ Rt > . pt '
Zx. 1 2Zk. H <zZk.
i i i i i+N i
oot oot
0 if hi =z, hHN <z,

3.1.5. Land Subsidence

The expression for the rate of flow out of storage due to land subsidence, g, is
already given in previous chapter. Utilizing this expression and the approximate
head field from equation (3.2), q. at an aquifer layer m can approximately be

expressed as

Rm . Ohy
qed = z SS] EC{)] m=1,'-~,NL (358)
j=N«(m-1)+1

Equation (3.58) is the spatially discretized version of the rate of flow out of
storage due to land subsidence. To discretize (3.58) in time, IWFM uses the
methodology described by Leake and Prudic (1988):

where

t . t+1 t
Sie;bp, i by >he

(s'sj )t _ (3.60)

Sq. bt if hitl<h!
] Oj ) C]‘

Ssej = elastic specific storage at node j, (1/L);
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Ssij = inelastic specific storage at node j, (1/L);

b = the thickness of the interbed at node j, (L);
j

h, = pre-consolidation head at node j, (L).

Multiplying (3.59) by element shape functions, ®°, integrating over individual

elements and utilizing the mass lumping technique previously, one obtains

N.'m

Z ” qzérlo)?dQe

e=N,(m-1)+1 e

(i) b
- ! S t S
= (S 1) —24+S. . b —— A,

. v se,Po, 1 i (3.61)

Once the groundwater flow equation is solved for a time step, the total

compaction at a node can be computed by inserting the change in head,

AhtA+1 = h}ﬂ —h{, into expressions for the elastic and inelastic change in the
1

interbed thickness given in previous chapter, and summing the elastic and inelastic

compactions:
Ab:rl = b;jil +Ab2;:1 (3.62)
Abzzil =—Ah{*s, bgi (3.63)
Abz;:l =—Ah{*lsg bf)i (3.64)

Finally, the thickness of the interbed at a node can be computed by

bE =b! —AbE (3.65)
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In (3.65), the change in the interbed thickness, Abz;rl , is subtracted from the

previous thickness of the interbed, b; , since a positive value represents
1

compaction.
If an inelastic compaction occurs, it is also necessary to modify the pre-
compaction head. In this case, the pre-compaction head is assigned the new head at

the groundwater node:

t . t+1 t
h >
hci if hl Z hci

htt = (3.66)

1
Wi e hil<p!
C

i

3.1.6. Root Water Uptake from Groundwater

The computation of root water uptake from groundwater, qt is discussed in
detail in a separate document for IDC (Dogrul et al,, 2017). As described in the
previous chapter, it is a function of the elevation of the groundwater table and the
extent of capillary rise above the groundwater table (among other atmospheric,
plant and soil properties) with respect to the rooting depth. In order to avoid
excessive additional non-linearities and excessive iterations to resolve these non-
linearities, IWFM uses the known groundwater heads from previous time step to

compute the root water uptake from groundwater:
tHl _ t+l (1t
et =Jet (hi ) (3.67)
Once q&! is computed by the land surface and root zone component of IWEM,

it is substituted into equation (3.10). Then using equation (3.51), the discretized

root water uptake from groundwater can be expressed as

Ne
> [[a a0t =", (3.68)
elee et i et
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3.1.7. Stream-Groundwater Interaction

The expression for stream-groundwater interaction, Qjin, that occurs at a section of
the stream represented by a stream node is given in previous chapter. In IWEM, it is
required that a stream node coincides with a single groundwater node in stream
component versions 4.0, 4.1 and 5.0; in version 4.2 more than one groundwater
node can be associated with a single stream node. Utilizing the expression for Qguntas

given in previous chapter, one can write

t+1
S(X—XS;Y_YS )A—s;nt
t+1 t+1
N < {max(hSi Jhp, j—max(hi hp, )}
= 8(x—xg,y—¥s) n o; (3.69)
i=N{(m-1)+1 Si
where

Cs, = stream bed conductance at groundwater node i, (L*/T);
hg, = stream surface elevation at groundwater node i, (L);
hp, = elevation of the stream bottom at groundwater node i, (L);
A = effective area of the stream segment at groundwater node i, (L?).

Computation of stream bed conductance, C , in equation (3.69) varies

depending on the version of the stream component being used:

K.
S L;W; version 4.0 and 4.2

ds,

Cs. = (3.70)
1

K.
S L;W; (h?1 ) versions 4.1 and 5.0
Si !

In stream component version 4.0, the wetted perimeter, Wi, is a constant value
specified by the user. In version 4.2, it is calculated based on the groundwater nodes
associated with a given stream node and the distance between those groundwater

nodes. In stream component version 4.1, it is represented as a function of the stream
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head, h:rl , using a rating table whereas in version 5.0 it is calculated based on the
1

t+1
ht.

1

channel geometry specified by the user and

Equation (3.69) is valid only at the groundwater nodes where a stream node
exists. Mathematically, this is represented by multiplying by the dirac delta function,
8(x—xs,y—ys ), as shown in equation (3.69). Furthermore, (3.69) is defined for all
aquifer layers only for the completeness of the mathematical derivation. In reality,
stream nodes coincide with only the groundwater nodes at the top most layer (i.e.

m=1) and (3.69) vanishes for other aquifer layers (i.e. m=2,---,N,).

After multiplying (3.69) by the element shape functions, ®f and integrating

over individual elements, one obtains

N.'m t+1
Z Ijﬁ(x—xs,y—ys) Asmt (DfdQe
e:Ne~(m—1)+IQe §

t+1 t+1
Cs; |:max[hsi ,hbij—max(hi ’hbi ):l N,.-m

_ A Y [[s(xxey-ys)ofant
Si e=N.{(m-1)+1e

_c, {m(htfl,hbi j—max(hf“,hbi )} (3.71)

1

Based on the expressions given in (3.40) and (3.44), the following equivalence

isusedin (3.71):
N, m
ASi - Z IJ‘S(X_XS’Y_Ys)O)fdQe (3.72)

e=N, -(m—l )+1 Q¢

3.1.8. Lake-Groundwater Interaction

The expression for lake-groundwater interaction, Quiny, that occurs through an

effective area of the lake represented by a lake node is given in previous chapter. In
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IWEM, it is required that a lake node coincides with a groundwater node. Utilizing

the expression for Quintas given in previous chapter, one can write

t+1
8(x =iy~ )
Alk
N'm Clkj |:max(h;’l-:1 1hblkj )— max (h}L'+1 ,hblkj ):|
= 8(x—xp,y ~VIk) . o (3.73)
j=N+(m-1)+1 ;
] m
where
Clk]- = lake bed conductance at groundwater node j, (L?/T);
hy = lake surface elevation, (L);
hblkj = elevation of the lake bottom at groundwater node j, (L);
A = effective area of the lake at groundwater node j, (L?).

j
After multiplying (3.73) by the element shape functions, ®; and integrating

over individual elements, one obtains

N.m t+1

Q..
> [[a(x=xuoy-yi) Alkmt o;dQ°
e=N,(m—-1)+1 e Ik

C ,|:ma.x ht+1,h _|—max h-t+l,h ‘ } N, 'm
_ Ik; ( Ik blkl) ( i blkl) Z _US(X_XIk)Y_YIk)wiedQe
Alki e=N, -(m—1)+1 (o

=Cpx, [max(hi:l,hblki )—ma.x(hitJrl,hblki )} (3.74)

Due to the expressions given in (3.40) and (3.44), the following equivalence is
used in (3.74):

N.'m

Al = Z ” 5(X Xk, Y Yk )(DfdQe (3.75)
e=Ne-(m—1)+IQe
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In equations (3.73)-(3.74), the lake surface elevation, hﬁ: L appears without the
subscript for the corresponding groundwater node. This is due to the fact that the
changes in the lake surface elevation over an individual lake are assumed to be
negligible in IWFM. For this reason, the same lake surface elevation prevails for all

lake nodes that represent an individual lake.

3.1.9. Tile Drains and Subsurface Irrigation

Similar to stream-groundwater interaction and lake-groundwater interaction, the

term for the tile drains/subsurface irrigation can also be discretized as follows:

Qt+1
d
8(X_Xtd;)’_Ytd) :
Atd
t+1
= B(x =X,y ~ ¥t - o; (3.76)
j=N{(m-1)+1 td;
where
Ctdj = conductance of the interface material between the tile
drain/subsurface irrigation system at groundwater node j, (L*/T);
Zud, = elevation of the tile drain or the head at the subsurface irrigation
system, (L);
Ay = effective area through which tile drain outflow or subsurface

irrigation inflow at groundwater node j is occurring, (L*).

After multiplying (3.76) by the element shape functions, ®; and integrating

over individual elements, one obtains
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N.'m t+1

Q
Z _” 3(x—X¢q,y ~Vtd) Atd w;dQ°
e=N,(m—-1)+1 e td

_hitl .
=Ctdi(ztdi b ) sz J‘J‘S(X_Xtd)y_ytd)m;adge

Atdi e=N,.(m-1)+1 e
=Cyq, (thi —hf“) (3.77)
and
N.'m
A= 2 J[8(x=xupy —yia)ofdee (3.78)
e=N,(m-1)+1 ¢
3.1.10. Initial Conditions

The solution of equation (3.10) requires the knowledge of groundwater head values

at the previous time step, t. Therefore, for the first time step, the head values at

t=0 need to be defined by the user (i.e. initial head values hfzo ).

3.1.11. Boundary Conditions

Boundary conditions are also required to solve (3.10). Boundary conditions, as well
as initial conditions, constrain the problem and make solutions unique. Boundary
conditions are not only necessary in solving the groundwater equation, but the
accuracy is important as well. If inconsistent or incomplete boundary conditions are
specified, the problem is ill defined (Wang and Anderson, 1982).

IWFM has the functionality to incorporate the following boundary conditions
into the groundwater equation: (i) specified flux (Neumann), (ii) specified head
(Dirichlet), (iii) general head and (iv) constrained general head. These boundary

conditions can be constant over time or time-variant. In the following sections, the
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implementation of these boundary conditions into the numerical solution

procedure will be discussed.

3.1.11.a. Specified Flux (Neumann)

In a finite element representation the specified flux value is multiplied by element

shape functions and integrated over the element face for which the flux is specified:

”q;lmfdre =—[[£[xy,(t+1)- At]ofdr (3.79)
re re

In IWEM, —” f[x,y,(t +1)- At]miedfe is the boundary flow specified by the
o
user and evaluated at time (t+1)-At. Equation (3.79) replaces the second integral
term of equation (3.10).

3.1.11.b. Specified Head (Dirichlet)

In the case that the head is specified at a finite element node r, the r" equation in the

system of equations given in (3.10) becomes redundant. There is no longer a

necessity to solve this equation since the head h§+1 atnode ris known. Therefore,

this equation is dropped from the system of equations.

3.1.11.c. General Head

The general head boundary inflow at a finite element node r can be expressed as

1 K.A 1 1
QGHs, :—crl - ( Gip —hy' ) (3.80)
r
where
Qgus, = general head boundary flow at node r, (L¥/T);
K = hydraulic conductivity of the aquifer at node r, (L/T);
A, = cross-sectional area at node r that flow passes through, (L?);
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d: = distance between the boundary node r and the location of the
known head, (L);

h, = head value at the boundary node r, (L);

heus = head at the nearby surface water body or aquifer, (L);

t = index for time step, (dimensionless).

When general head type boundary condition is defined at node r, equation
(3.80) is subtracted from the " equation of the equation system (3.10).

3.1.11.d. Constrained General Head

Similar to the inflow from a general head boundary condition, the inflow from a
constrained general head boundary condition at a finite element node r can be

expressed as

K(;Ar (hgl}IB —h§+l) if hi'>he,
r

QtC+G1HBr = (381)

K;Ar (hgklIB _hCr) if hi'<he,

r

and

th+cl;HBr = QtCJrGlHBrmaX (3.82)
where

he, = limiting head value at node r, (L);

QcGHs, = maximum general head boundary flow, (L3/T).

The only differences between a general head boundary condition and a
constrained general head boundary condition are that i) if the groundwater head at
node r falls below the limiting head value, hc;, the limiting head value is used in
calculating the head gradient instead of the groundwater head itself, and i)
boundary flow in the constrained general head boundary condition can be limited

with a maximum flow rate.
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3.2. Stream Flows

3.2.1. Stream Routing Component Version 4.0

Stream flow equations given in previous chapter for stream routing component
version 4.0 are already in algebraic form. Therefore, they are ready to be coupled
with the discretized groundwater equation described in the preceding sections. The

main stream flow equation can be re-written for the present time step as

Q. (ht“)—Qt“ +Q M 4cg [max(ht“,hb. j—max(hf“,hb. )}0 (3.83)
1 §i inj bdiv; 1 si 1 1
The explicit expression for the stream-groundwater interaction, anlti , has

been substituted into (3.83). The expressions for QFH and Q;}I are given in
inj ivj

previous chapter. Equation (3.83) is coupled and solved simultaneously with
equation (3.10) for stream surface elevation, h§i+1 , and groundwater head at the

t+1
stream node, h{ .

3.2.2. Stream Routing Component Version 4.1

In component version 4.1, stream bed conductance, C , is a function of stream

Si

surface elevation, hg , since the wetted perimeter, W,
1

5. »is afunction of hg .
1 1

Therefore, the stream flow equation re-written for the present time step in
component version 4.1 is similar to equation (3.83) except for the different

representation of C :
1

t+1 t+1 t+1
Qsi (hsi )_Q' +deivi

mn;j

+C,, (max(h:q bt )) y [max(h:rl by, )—max(hiHl h, )} =0 (3.84)

Theoretical Documentation for the Integrated Water Flow Model, IWFM-2015 | 3-33



Theoretical Documentation
IWFM-2015

Numerical Methods
Similar to equation (3.83), equation (3.84) is coupled and solved

simultaneously with equation (3.10) for stream surface elevation, htt ,and

S

groundwater head at the stream node, h§+1 .

3.2.3. Stream Routing Component Version 4.2

Stream flow routing in component version 4.2 is similar to that in version 4.0 but
stream-aquifer interaction between a single stream node and multiple groundwater
nodes are allowed:

t+1 t+1 t+1
Q'Si (hsi )_Q' +Q’bdivi

l[li

+n§G:{csilj [max(htsjl,hbi )—max(h;-[Jrl,hbi )}}:0 (3.85)
=1
where

j = index for the groundwater node associated with the stream node i,
(dimensionless);

nG = total number of groundwater nodes associated with the stream
node i, (dimensionless);

Csj = conductance of the part of the stream cross-section that is
associated with groundwater node j, (L?/T);

hy = groundwater head at groundwater node j, (L).

Equation (3.85) is coupled and solved simultaneously with equation (3.10) for

stream surface elevation, h;ﬂ , and groundwater heads associated with the stream

node, h;ﬂ .

3.2.4. Stream Routing Component Version 5.0

Stream flow conservation equation used in component version 5.0 is presented

in the previous chapter. It is a partial differential equation and must be discretized
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both in space and time. IWFM uses the fully implicit finite difference scheme
(Chaundry, 1993) with backward differencing for this purpose:

t+1 t+1 t t
(A <Al )-(alrals) Qi -qi
2At Ax;

1

t+1 t+1 t+1 t+1
1 Qini _Q-outi +Q-ini,1 _Q-outi,l

2 L Lig
t+1 t+1 .
Bt —F(Qsi ):o ;i=l (3.87)
where
i = stream node number, (dimensionless);
N, = number of stream nodes in each stream reach, (dimensionless);
Ax; = stream channel length between stream node i and i—I, (L);
L = length of stream segment associated with stream node i (see

previous chapter for a detailed definition of stream segment); (L).
In equations (3.86) and (3.87), both A}H and Q:rl are functions of the
stream surface elevation, h;iﬂ , as defined in the previous chapter.

Equation (3.86) is written for each stream node, except for the most upstream
node, in each stream reach. For the most upstream node, stream flows defined as
boundary conditions are used to calculate the stream head as shown in equation
(3.87). Equations (3.86) and (3.87) are coupled and solved simultaneously with

(3.10) for the stream heads, h;iﬂ.

The relationship depicted in equation (3.87) is given by the Manning’s equation
as discussed in the previous chapter. In a stream reach, if the most upstream node is

also the most upstream node for the entire stream network that is modeled, then

QE;H is specified by the user as the stream flow boundary condition. On the other

hand, if the stream reach has one or more upstream reaches flowing into it, then

Q_E;rl is the sum of the outflow from these reaches as calculated by the stream

routing component version 5.0.
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Equation (3.86) is unconditionally stable for all ranges of the spatiotemporal
grid spacing (Holden and Stephenson, 1995). However, depending on the value of
the Courant number, c——, numerical diffusion can be observed (Chaundry, 1983;

i
Holden and Stephenson, 1995). Even though kinematic waves are not supposed to
have diffusion, it is assumed in stream component version 5.0 that in real-world
applications that is targeted by IWFM, there will always be some level of diffusion,
and that the numerical diffusion can be modified through the calibration of the
stream channel parameters to match the simulated stream flows with their observed

counterparts.

3.2.4.a. Initial Conditions

The solution of equation (3.86) requires the knowledge of stream surface elevations

at the previous time step, t. Therefore, for the first time step, these elevations at

t=0 need to be defined by the user (i.e. initial values h;izo ).

3.3. Lakes

3.3.1. Lake Component Version 4.0

The conservation equation for lake storage given in previous chapter is discretized

as
1 t
Slk(hﬁ: )—Slk(hlk)
t+1 t+1 t+1 t+1 t+1 t+1
At ~Qivik ~ Qbplk ~Qrflk ~Qrtlk ~ Qinlk + ko
& t+1 t+1
- {Plki A, —EVik, A,
i=1
t+1 t+1
_Cll(i [max(hlk ,hblki )—max(hi ’hblki ):|} =0 (388)
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In (3.88), the explicit expression for the lake-groundwater interaction, Qﬁj&lti ,
has been used.
The total evaporation from the lake area represented by a lake node, EVltktlAlki

, is limited by the amount of water available at that lake node. This is represented in
IWFM by the following formulation:

A

Alk, k.
t+1 i t+1 t+1 i t+1 t+1
BV AL < o max(hlk —blki,o)JrPIki A, +_Alk (Q—brlk+Q—inlk) (3.89)

Equation (3.89) suggests that the effect of precipitation and inflows to the water
storage at a lake node is considered before the computation of evaporation. Also,
the last term of equation (3.89) suggests that the inflows into the lake from
diversions, bypasses and upstream lakes are distributed among the lake nodes
evenly.

Equation (3.88) is valid when the lake surface elevation is less than the pre-

specified maximum lake surface elevation, hy ;i.e. when the outflow from lake,
max

Q_hi_; ,is zero. If the lake surface elevation exceeds the maximum lake surface

elevation, simply assigning hﬁj Lo hlkmax does not satisfy equation (3.88) and

violates the requirement for the conservation of mass. In order to compute the lake
outflow and still conserve mass by keeping lake elevation at its maximum, IWFM
utilizes an alternative method.

Assuming that the groundwater head value is known, a function, Fy, can be

defined as equal to (3.88) less Q_ff{ol :

Flk(hﬁfl ) _ Sk (h{lirl)_slk<hfk)

t+1 t+1 Bt~
~ Qivik ~ QLbplk ~Qrflk ~ stk ~Qinlk

At
t t+1 t+1
‘Z{ T Alk; ~EViig Ak
i=1
_Clki |:max<h§:l’hblki )—max(h?rl)hblki ):|} (390)
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Equating (3.90) to zero and solving is equivalent to finding its root with respect
to hhir L Figures 3.5.2 and 3.5.b show the two possible cases when (3.90) is plotted

as a function of hﬁi_ ! The dashed parts of the curves represent Fi when hy, is

assumed to be large enough so that it does not have an effect on Fi.. However, in

reality, Fi is not defined beyond hy . When the root of (3.90) is below hy

(Figure 3.5.a), lake outflow, Qﬁg , is zero and the computed root also satisfies

(3.88). On the other hand, when the root of Fy is at or above hlkmax (Figure 3.5.b),

then Q_hj; is non-zero.

IWFM uses an iterative solution technique (namely, Newton-Raphson method
which is explained later in this chapter) to find the root of (3.90). This method
requires that the gradient of the function whose root is being sought for is non-zero

and finite. At the beginning of each Newton-Raphson iteration, IWFM calculates
the value of the function, Fy, with hit =h . A positive value for Fy indicates
k =hp

that the lake elevation is below the maximum elevation and lake outflow is zero
(Figure 3.5.a), and a negative value indicates that lake elevation will hit the

maximum and there will be lake outflow (Figure 3.5.b):

0 if By by, )>0
Qo = (3.91)
—Hi (hlkmax ) if  Fy (hlkm )<0

Once Q_ﬁ:ol is calculated, function Fy is modified as (Figure 3.5.c)

Gk (hff{ ! ) = Hj (hﬁf ! )+Qﬁf§ (3.92)

Equation (3.92) is then coupled and solved simultaneously with (3.10) for lake

elevation, hﬁ: ! and groundwater head at lake node, h;-H_l . Using Gy instead of Fy in

simulating lake elevations allows for imposing the maximum lake elevation without
disturbing the conservation of mass and the efficient use of the Newton-Raphson

method for the solution of non-linear equations.
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Figure 3.5 Plots of possible lake storage functions and the modified function
when lake elevation exceeds the maximum elevation
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(a) Lake elevation does not exceed the maximum lake surface elevation
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(c) Modified function, Gy, when lake elevation exceeds the maximum
elevation
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3.3.2. Lake Component Version 5.0

Lake component version 5.0 uses the same methods as in version 4.0 in simulating
the lake elevations, corresponding lake storages and the lake-aquifer interaction.
The only difference is in the simulation of the lake outflow which is simulated using
a rating table defined by the user that describes the relationship between lake

elevation and the lake outflow:

. t+1
0 if hlk < hlkfmin
t+1 t+1 . t+1
Qo = f(hlk ) if hy <hp <hpg (3.93)
t+1 if hElsh
Qlko,,  if b Zhy
where
hy, = lowestlake elevation defined in the rating table when lake outflow
starts, (L);
hy, = highestlake elevation defined in the rating table; this elevation
max
also represents the maximum lake elevation, (L)
r(hﬁ: ! ) = rating table representing lake outflow as a function of lake
elevation, (L*/T);
Qﬁgmax = lake outflow when lake elevation reaches maximum elevation,

hlkrmax , (L3/T).

Equation (3.93) shows that lake outflow is zero until lake elevation reaches the
minimum elevation as defined in the elevation-versus-outflow rating table. When
the lake elevation is between the minimum and maximum elevations defined in the
rating table, then the rating table is used to calculate the outflow. When the lake
elevation reaches the maximum elevation described in the rating table, then the

method described in the previous section is used to compute the magnitude of the

lake outflow, Qﬁgmax .
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3.4. Land Surface and Root Zone Flow Processes

Mathematical models used in IWFM for the simulation of land surface and root
zone flow processes are described in detail in another document (Dogrul et al,,

2017) and they will not be covered in this documentation.

3.5. Soil Moisture in the Unsaturated Zone

The conservation equation that models the vertical movement of soil moisture

in the unsaturated zone is discretized in IWFM as follows:

o+l _gt
D~ =Qiin Ky (394)
At
where
D. = thickness of layer n, (L);
Oun soil moisture in the n unsaturated layer, (L/L);
At = length of time step, (T);
Qinn = inflow into unsaturated layer m from layer n-1, (L/T);
Kin = unsaturated hydraulic conductivity of layer n, (L/T);
t = time step, (dimensionless);
n = unsaturated layer number, (dimensionless).

The unsaturated hydraulic conductivity in equation (3.94), Kf:rll , can be

represented either by Mualem-van Genuchten (vGM) approach or Campbell’s
method:
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2
m
ot+ P2 RV
Kool —=| 1-|1-| == ; vVGM
NTn NT,n
t+1 _
Kun = (3.95)
2
ottl 3+;T
Ksn — ; Campbell
T]T,n
and
A
m=—" (3.96)
Ay +1
where
NTn = total porosity of the unstaturated layer n, (L/L);
An = pore size distribution index of unsaturated layer n,

(dimensionless).

Due to the non-linearity of equation (3.94), it is solved for Olt;;ll , iteratively.

IWFM uses a combination of bisection and Newton’s methods to solve for the soil
moisture in the unsaturated layer n (Gerald and Wheatley, 1994). The iterative

solution methodology starts and continues with Newton iterations:

R

(o5) =05 ) ~—F— (397

F'[(eg;)k}

where
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(et+l )k ot
Q_t +1 Dt u,n u,n
in,n n At
2
1 /™
t+1 A t+1 %n
6u,n eu,n
K pn 1-[1-| % ; vVGM
NTn NTn

F{(ef;} ﬂ: (3.98)

; Campbell
; vGM
(3.99)
Dy
At
24,
k 3+
3+7 (et:—r{) 7\«n
—Ksn n . ; Campbell
NT)n MT,n
G;=1-G}’ (3.100)
t+1\< Jn
(9%)
u,n
G, =1- (3.101)
T]T,n
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1-m

[tz
dG, = on (3.102)
rnT]T,n L 1AlT,n

In equations (3.97)-(3.102), k is the iteration number and vGM represents the
van Genuchten-Mualem approach.

Newton’s method is used until the estimate for the soil moisture increases above
total porosity less 10% of the user-defined convergence tolerance for the iterative
solver. At this point, bisection method is used as the iterative method. The reason
for this switch between the two methods is that the gradient of the van Genuchten-
Mualem equation near saturation becomes very large and this leads to convergence
issues with Newton’s method. Bisection method has slower convergence but is
more robust; therefore it is preferred when soil moisture is close to saturation.

Equation (3.97) is solved iteratively until a user-specified convergence level is
k+1 k
t+1 t+1
(06m) " ~(05n)

The water that percolates through the root zone is the inflow to the first

achieved; i.e. until is less than a pre-defined value.

unsaturated layer. First, the moisture content at the first unsaturated layer (9::11 ) is

computed, iteratively. The outflow, Q_E,E}l , can then be redefined as a function of

ottt ! Based on th tion of 1l _Q 1. Therefore, th
u,l . based on € conservation or mass, Qout,Z _Q—out,l' ererore, (S

soil moisture in layer 2 and the flow out of layer 2 are simulated in the same manner
as layer 1. This procedure is performed for each layer until the deep percolation into
groundwater is calculated.

When simulating the soil moisture at each layer, IWFM checks that the soil
moisture is less than or equal to the total porosity. If the soil moisture exceeds the

t+1

exn 1S assumed to

total porosity of unsaturated layer n, the excess soil moisture, 0
drain due to gravitational force and is routed to unsaturated layer n+1, unless the
layer is the last unsaturated layer within the system. The last layer’s excess soil

moisture is routed to the saturated groundwater below it.
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3.6. Small Watersheds

The conservation equation for the groundwater storage at a small watershed is

discretized in IWFM using the implicit discretization method:

st =st, +(D§v1,+} -Qi -nggs)m (3.103)
where

Swe = groundwater storage within the small watershed boundary, (L*);

Dy = deep percolation, i.e. recharge, to the groundwater storage within
the small watershed domain, (L*/T);

Quyg = subsurface outflow from the small watershed that contributes to
the groundwater storage at the modeled area, (L*/T);

Qug = contribution of groundwater storage to the surface flow at the small
watershed, (L?/T);

At = length of time step, (T);

t = index for time step, (dimensionless).

The deep percolation, prl

methodology described in the preceding section. Subsurface outflow from the small

, is computed numerically using the same

watershed, ngl , and the contribution of groundwater storage to the surface flow at

the small watershed, Q_f;gls, are computed as functions of the groundwater storage

at the previous time step and the deep percolation:

t+1 t t+1
Q4 =cwg(swg +D! )At (3.104)
Qivgs =cws[(s§vg +D$)At—swgt} (3.105)
where
Cug = subsurface flow recession coefficient, (1/T);
Cus = surface runoff recession coefficient, (1/T);
Sugt = threshold value for groundwater storage within the small watershed

above which groundwater at the small watershed contributes to

surface flow, (L?).
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3.7. Solution of the System of Equations

Simulation of the hydrological processes that are included in IWFM requires the
simultaneous solution of three equations; namely groundwater flow equation,
stream flow equation and the lake storage equation. Spatial and temporal
discretization of the groundwater, stream and lake equations result in a system of

non-linear algebraic equations where the unknowns are the groundwater head
(hH1 ) , stream surface elevation (h;+1 ) and the lake elevation (hh;F ! ) at the

present time step. This system of equations can be represented in a matrix form as

(X} + (7} =0 (3.106)

In (3.106), {HtH} is the vector of unknowns that is generated by augmenting

the unknown groundwater heads, stream surface elevations and the lake surface

elevations at the present time step:
t+1
h

t+1
hSNR

t+1
hy,
{Ht“} = (3.107)

t+1
hlkNLK

t+1
hl

t+1
hN, N

where
NR = total number of stream nodes, (dimensionless);
NLK = total number of lakes, (dimensionless);
N. = number of aquifer layers, (dimensionless);
N = number of finite element nodes in an aquifer layer,

(dimensionless).
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Therefore, equation (3.106) represents a system of NR + NLK + Ny N
equations. The first NR equations are expressed as in (3.83), the (NR+1)" to
(NR+NLK)" equations are expressed as in (3.88), and the rest of the equations are
given in (3.10).

IWFM uses Newton-Raphson method in order to linearize the equation set
(3.106). This method utilizes the Taylor series expansion of (3.106) around starting
values of unknowns and truncates the second and higher order terms. Using the
Newton-Raphson method, the r'" equation of (3.106), IF,, can be expressed as
(Huyakorn and Pinder, 1983)

NR+NLK+N| ‘N k ka1
> 61Ft’f+l (AHit“ ) =FX (3.108)
i=1 OH;
where
F =1 {Hl sH -+, HINR+NLK+Np N-1 HINR+NLK+N -N} (3.109)
and
k+1 k+1 k
(AH?I) :(Hitﬂ) _(Hitﬂ) (3.110)

In (3.108)-(3.110), k is the iteration level. For r=1,---,NR+NLK+Ny ‘N

equation (3.108) represents a system of linear equations that needs to be solved for

k+1
(AHit+1 ) . This system of equation can be expressed in matrix notation as

[Xk]{(mﬂlt“ )kﬂ}:{ﬂ?k} (3.111)

The aim is to estimate the unknown values of HitH , compute the components

of the matrix [Xk} and the vector {]Fk} and solve the equation system (3.111) for

k+1
(AHiHl ) . The L,-norm of the difference vector is used to check the

convergence:
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NR+NLK+Ny ‘N

2

i=1

t+1
i

(3.112)

o (an )““T

If the L,-norm given in (3.112) is not smaller than a pre-specified tolerance, the

2

unknown values of Hiﬂ_l are re-estimated using (3.110), and the procedure is
continued until convergence is achieved. The components of [Xk} and {]Fk} are
listed in Appendix A.

The coefficient matrix [Xk} in (3.111) is a sparse matrix. The level of its

sparseness depends on the numbering of groundwater, stream and lake nodes.
IWEM uses either the over-relaxation method combined with the Jacobi method
(Gerald and Wheatley, 1994), or a modified pre-conditioned conjugate gradient
method (Dixon et. al, 2010 and 2011) to solve the equation system in (3.111),
iteratively. The over-relaxation method will be explained in this document. The
details of the modified pre-conditioned conjugate gradient method are explained by
Dixon et. al (2010,2011).

The over-relaxation method starts with an initial estimate to the solution vector,
1K+ |
(AH ) , where r is the iteration counter for the iterative solution of

(3.111). It should be noted that the iteration counter r is different than the iteration
counter k. Index k is the iteration counter for Newton-Raphson method which is
used to solve a system of non-linear equations. On the other hand, index r is the
iteration counter for the matrix inversion method that is used to solve the matrix
equation that is generated by a single iteration of the Newton-Raphson method.
With initial estimates, the i equation of (3.111) can be solved for the new

estimate of the unknown value:

. NR-+NLK+Np ‘N N ) ka1 r
t+
F- 2 Xi,{(AHJ ) }
~
1 J#1
{(A]H[i”) } - Xk- (3.113)
ii
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Equation (3.113) is used to compute all the components of the solution vector,
and the convergence between the initial estimates and the newly computed values is

checked:

> {(AHfH)kHTI—[(AHfH)kHT 2 <g (3.114)

i

where i=1,---,NR+NLK + N -N. If the convergence criteria given in (3.114) is
not satisfied for all unknowns, the over-relaxation method is used to update their

values:

{(AHﬁl )k+IT+B [(AH;“ )“T -[(AHFI )““T (3.115)

Kk r+l1
wherei=1,---,NR+NLK+NL-N.In(3.115),[(AH}“) } is the new

k+1 77
estimate that will be used in the next iteration instead of {(AH}H ) } ,and 3 is

the relaxation parameter.

3.7.1. Compressed Storage of Matrices

In order to decrease the computer storage requirements, IWFM only stores the non-
zero components of the coefficient matrix [Xk} (see Appendix A for expressions of

non-zero components). These values are stored in a one-dimensional array in order

to decrease the array access times and, hence, computer run times.
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Storing only some of the components of a two-dimensional matrix in a one-

dimensional array requires the storage of locations of these components to be able

to re-construct the matrix. The location of a non-zero component in the matrix

Figure 3.6 Hypothetical model domain
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[Xk} depends on the node

numbering in the model and the
stream, lake and groundwater
nodes that interact with each
other. As an example, consider
Figure 3.6 where a hypothetical
model domain with 2 aquifer
layers is represented by 6 finite
elements, 12 groundwater nodes,
S stream nodes and 1 lake.
Therefore, there are a total of 18
unknown parameters whose
values are computed by solving
the stream, lake and groundwater
conservation equations
simultaneously.

A stream node is connected
to a groundwater node and other
stream nodes that are located
directly upstream of it; a lake is
connected to multiple
groundwater nodes; a
groundwater node is connected
to an upper groundwater node, a
lower groundwater node,
surrounding groundwater nodes
and a stream node or a lake. The
node connection scheme for the
system shown in Figure 3.6 is
tabulated in Tables 3.1 - 3.3. The

global unknown numbers are
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printed in bold and the corresponding stream node, groundwater node or lake
numbers are printed in parentheses.

Tables 3.1 - 3.3 also list the locations of

Table 3.1 Connecting nodes for stream nodes

fhe om0 companents AFthe AT [ Connecting Nodes

matrix [Xk}  An “anknown number- Unknown GW Node Upstream Upstream
Number Node 1 Node 2
connecting node” pair represents the row 160 7(9)
2 (s2) 8 (92) 1(s1) 5 (ss)
and column numbers of a non-zero
t An « k_[] b 3 (53) 9 (93) 2 (SZ)

component. unknown number-

p 4 (s4) 10 (g4)
unknown number” pair represents a 5 (9) 8(9) 4 (s3)

component located on the diagonal of the

matrix. For instance, an unknown number

of 10 and connecting node number 4

. 0 Table 3.2 Connecting nodes for lakes
represents the component in the 10" row

and the 4® column of the coefficient matrix ™

nknown
(see Table 3.3). This component is the Number | GW Node 1 | GWNode 2 | GW Node 3
derivative of the conservation equation 6 (k1) 10(ga) 12 (ge) 11(g9)

written at groundwater node 4 with respect
to the stream surface elevation at stream node 4.

Tables 3.1 - 3.3 list the global unknown numbers and the connecting nodes as
they are stored in IWFM. For some groundwater nodes, a value of zero appears for
upper or lower connecting groundwater nodes. When IWFM encounters a value of
zero, this means that there is no upper or lower aquifer layer for the groundwater
node being considered.

IWEM uses a one-dimensional array, {]ND} , to store the information given in

Tables 3.1 - 3.3. Another one-dimensional array, {NJD} ,is used to store the index

numbers in {]ND} , where information for a node, i.e. for a row of [Xk } , starts:

Unknown 1 Unknown 2 Unknown 6 Unknown 18
(rowlof[XkD (rowZof[Xk}) (rowé of[Xk]) (row 18 of[Xk})
{JND} = L7, 2815 o 6101211 ,-1812,0,1614,1517+ (3.116)
{(NJD}={ 1 , 3 ooy 18 ,++,96} (3.117)

Theoretical Documentation for the Integrated Water Flow Model, IWFM-2015 | 3-51



Theoretical Documentation

IWFM-2015

Numerical Methods

Table 3.3 Connecting nodes for groundwater nodes

Unknown | Upper GW | Lower GW | Stream/Lake | Stream/Lake GW GW GW GW GW
Number Node Node Node 1 Node 2 Node 1 Node 2 Node 3 Node 4 Node 5
7 (91) 13 (97) 1(s1) 8 (92) 10 (ga)
8(92) 14 (9s) 2(s7) 5 (ss) 10 (94) 7 (31) (93) 12 (ge)
9(g3) 15 (99) 3 (s3) 12 (ge) 10 (94) (92)
10 (94) 16 (910) 4 (s4) 6 (Ik1) 7 (91) 8(92) 9(93) 12 (ge) 11(gs)
11 (gs) 17 (9n) 6 (Ik1) 10 (94) 12 (ge)
12 (96) 18 (912) 6 (Ik1) 10 (94) 8(92) 9(g3) 11(9s)
13 (97) 7 (91) 14 (gs) 16 (g10)
14 (9s) 8(92) 16 (g10) 13 (97) 15 (99) 18 (912)
15 (99) 9(g3) 18(g12) | 16(gi0) 14 (9s)
16 (910) 10 (94) 13 (97) 14 (9s) 15 (99) 18(g912) | 17 (gn)
17 (911) 11(gs) 16 (g10) | 18(912)
18 (912) 12 (9e) 16 (910) 14 (9s) 15 (99) 17 (9n)

With the information stored in the arrays { JND} and {NJD}, the coefficient
matrix can be reconstructed. For the example shown in Figure 3.6, the coefficient
matrix [Xk} has a total of 324 (= 18 x 18) components. The above methodology
for storing information has a total of 222 components (102 components for
{JND}, 18 components for {NJD} and 102 components for the array that stores
the actual values of non-zero components of [Xk} ). This amounts to around 30%
of savings in computer storage requirements even for a small problem as shown in
Figure 3.6. For larger problems, savings in storage requirements will be larger.

Another two-dimensional matrix that arises due to the numerical methods used
in IWFM is the conductance matrix (see equation (3.10)):

t+1 R e el 7 €V € IOE
e=N,{(m-1)+1 Q¢
where I<m <N} and.N-(m—-1)+1<i,j<N-m.

The components of [ATHIJ are stored for each groundwater node. As an

example, consider the finite element mesh depicted in Figure 3.6. For elements 1,2,
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and 3 of Figure 3.6, the element conductance matrices for the first aquifer layer will

have the following structure:

01 02 04
AT! AT! AT! J1
81,81 81,82 81,84
[ATel ]: AT AT AT J2
82,81 82182 82,84
1 AT AT s
84,81 8482 84,84 |
92 03 J6 04
[ €2 €2 ) € 1
82,82 82,83 82,86 82,84
e ATe2 Tez Tez
[ATeZ }: 8382 8383 8386 8384
€2 AT®? AT®? T2
86,82 8683 8686 86,84
AT®? AT®? AT®? 2
L 84:8 84,83 8486 84,84 |
J4 Js Os
(AT AT ATS | U4
84,84 84,86 84,85
[AT%}: AT AT AT Js
86184 26186 86185
€3 A €3 €3
85,84 85,86 gsgs | 95

92
g3
96
04

(3.119)

(3.120)

(3.121)

In equations (3.119)-(3.121), the time step index t+1 is dropped for simplicity.

Element conductance matrices will have the similar structure for other layers of the

aquifer system except that the indexing will change with the changing node

numbers. The component values are also likely to be different for each layer since

the transmissivities at a vertical cross-section may differ. IWFM stores the following

components of matrices (3.119)-(3.121) in an augmented one-dimensional array:

Theoretical Documentation for the Integrated Water Flow Model, IWFM-2015 | 3-53



Theoretical Documentation
IWFM-2015

Numerical Methods

AT} ={AT"! el node
(AT} { 81,82 81,84’ 91
AT +ATS2  ATSL  ATS2 AT | node g,
82,84 82,84 82,81 82,83 82,86
AT? L AT? AT, node g3
83,86° 83:84° 83,82 Layer 1
TEL AT 4ATS2  ATS2  ATS2  +ATS3 ATS® , node gy
84,81 84,82 84,82 84,83 84,86 84,86 84,85
e e
ATS3 T3 node 3.122
85,84 85.86’ 95 ( )
ATS2  +ATS3  ATS2  AT2 AT | node gg
86,84 86,84 86,82 86,83 8685
e (S
AT # 4 node
87,88"" 87,810’ 97
: : Layer 2
Tes 66 , es , e5 , 86 } nOde glz
812,810 812,810 812,88 812,89 812,811
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where {AT} is the one-dimensional storage array for the non-zero elements of the
conductance matrix [ AT]. As can be seen from (3.123), {AT} stores the non-zero
components of the global conductance matrix [ AT ], excluding the diagonal
components. As discussed earlier, the diagonal components of [ AT| are not stored

due to the simplification performed in the derivation of the system of equations

(refer to equations (3.31)-(3.35)). IWFM uses the information stored in {]ND}
and {NJD} to reconstruct the two dimensional matrix [ AT] from the one-

dimensional array {AT}.

3.8. Usage of Parametric Grid

To compute the matrix and the vector components appearing in equation (3.111)
for groundwater nodes, it is necessary to define aquifer parameter values (namely
horizontal and vertical hydraulic conductivities, specific storage coefficient, specific
yield, interbed thickness, elastic and inelastic storage coefficients, and pre-
compaction head value) at each finite element node. IWFM allows the user to
define these values through input files.

However, in most practical applications it is not possible to compile the required
parameter values for each node of the finite element mesh. Instead, sets of values
measured at a small number of observation sites will be available. Furthermore, the
locations of these sites will generally not coincide with any of the nodes of the finite

element mesh. To overcome this problem, IWFM allows the user to interpolate the
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parameter values measured at a small number of locations in order to specify values
at the nodes of the finite element mesh. The interpolation is based purely on the
geographic locations of the observation sites and the finite element nodes. IWFM
uses the term parametric node for an observation site in order to differentiate it from
a finite element node. A collection of parametric nodes forms the parametric mesh as
opposed to finite element mesh. A parametric mesh may consist of triangular
and/or quadrilateral elements (Figure 3.7). An individual parametric mesh can be
used for specification of parameter values at finite element nodes of the entire model
domain, or several parametric meshes covering smaller portions of the model
domain can be utilized.

The mathematical theory underlying the interpolation technique used in IWFM
is similar to that of the finite element method discussed earlier in this chapter. The
continuous function of a particular parameter over a parametric element can be

approximated by the discrete parameter values defined at the parametric nodes as

A NeP
bep (1,7) = 0ep (1,7)= D 6P 0P (x,7) (3.124)
i=1

Figure 3.7 An example of parametric and finite element mesh systems

® Finite element node

m Parametric node
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where

¢ep(x; Y)

continuous function of a particular aquifer parameter over the

parametric element ep;
({)ep (x,y) = approximation for ¢e(x, y);

€ . .
o;F = parameter value at parametric node i;

o;f (x,y)

Ny = number of parametric nodes that define a parametric element; 3

element shape function defined for the parametric node i;

for a triangular element and 4 for a quadrilateral element.

. . € . . .
The expressions for element shape functions, ;" (x,y) , are given in section

3.1.1 for both linear triangular and linear quadrilateral elements. These expressions
are also valid for parametric linear elements. Equation (3.124) reveals that, for a
finite element node that is located in a parametric element, the parameter value at
the finite element node can be expressed as a linear algebraic function of the

parameter values at the surrounding parametric nodes. If the coordinates of the
finite element node is given as (XO Vo ), the parameter value at this node can be

expressed by equation (3.124) as
Nep
1 f
i=1

where (I)jfe is the value of the parameter at the finite element node j. Therefore,

oP (Xo Vo ) are the interpolating coefficients corresponding to each of the
surrounding parametric nodes.

The shape functions for a linear quadrilateral element are defined in (&,1)
space instead of (X ,y) space as given in equations (3.20)-(3.23). Therefore, it is
necessary to convert the coordinates of the finite element node (Xo Vo ) into

(éo Mo ) in order to define the interpolating coefficients for a quadrilateral
parametric element. This can be achieved by first solving equations (3.17) and
(3.18) for é(x ,y) and n(x ,y), simultaneously and substituting x, and y, into the

resulting solutions to obtain &, and n..
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4. Demand and Supply

An important objective of IWFM is to simulate the water supply to meet a specified
agricultural and urban demand. This chapter explains the computation of urban and
agricultural demand, simulation of water supply, and the water allocation process

with respect to different land use types.

4.1. Land Use

IWFM has the capability to model flow processes over agricultural, urban, native
and riparian lands. The land use areas must be specified for every grid cell within the
model domain for the purpose of simulating root zone flows. The area of each crop,
as well as urban, native and riparian lands are to be specified for each cell in order to
compute runoff, infiltration, soil moisture, and percolation based on land use
information.

In a hydrologic basin, the extent of the agricultural and urban areas defines a
specific water demand that needs to be met by stream flow diversions and
groundwater pumping. Diverting stream flows and extracting water from the
groundwater storage, and distributing it over the modeled area to meet the water
demand, changes the natural runoff characteristics of the basin. The approach taken
in IWFM to model hydrologic processes based on each land use type plays a key role
in the effectiveness of IWFM as a planning model. With this approach, demand is
computed or specified for agricultural and urban areas separately. The allocation of
surface water diversions and pumping to agricultural and urban lands is determined
by defining the fraction of the specified diversion and pumping that is intended for
irrigation purposes, and designating the remaining portion for urban use. Once
stream flows are simulated, actual surface water diversions are computed based on
the available stream flows, and applied to agricultural and urban areas according to
user-specified fractions to meet the appropriate demands. Groundwater pumping
and recharge can be specified in several ways, but IWFM has the functionality to
pump or recharge by element, based on the relative agricultural and urban areas
within a cell. Similar to surface water diversions, groundwater pumping can also be

distributed among agricultural and urban lands with respect to predefined fractions.
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4.2. Agricultural and Urban Water Demands

Agricultural and urban water demands can either be computed dynamically or
specified by the user as input data. Both agricultural and urban water demands are
computed at each finite element based on the respective land-use area, soil and
climatic conditions, and crop management practices. A detailed explanation of how
these demands are computed is given in Dogrul et al. (2017) and will not be

repeated in this document.

4.3. Supply

Figure 4.1 illustrates the sources of water supply in IWFM, as well as the allocation
of water for different uses. Surface water diversions and groundwater pumping are
the two processes that define prime water supply. Re-use of return flow can also be
considered as a source of water. The surface water and groundwater supply as well
as re-used return flow are determined by the simulation of stream flows,

groundwater flow and return flow of applied water.

4.3.1. Surface Water Diversions and Deliveries

Each surface water diversion modeled in IWFM is associated with a stream node
and may be limited with a user-specified maximum diversion amount that represents
the capacity of the conveyance system. A surface water diversion can be delivered to
an element, to a group of elements, to a subregion or it can be exported outside the
model domain. Specified for every diversion is the amount of water used for
irrigation purposes and to meet the urban water demand. IWFM computes the
actual diversion and delivery amounts, and reports any diversion shortages or
surplus. The actual amount of water available for delivery is based on the simulated
stream flows.

The conveyance losses for each diversion are specified as a fraction of the total
diversion. Recoverable losses are one type of conveyance loss modeled in IWFM.
This type of loss is termed “recoverable”, since the water is assumed to eventually
percolate to the groundwater, and become part of groundwater storage which can

later be pumped and used as water supply. A non-recoverable loss is the other type
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Figure 4.1 Water use and supply
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of conveyance loss modeled in IWFM. This water leaves the system through
evaporation. Under circumstances where shortages occur, recoverable and non-
recoverable losses are adjusted to reflect the actual amount of water that is diverted.
Based on the above discussion, applied water to agricultural and urban lands at the

destination of the delivery (i.e. a single element, a group of elements or a subregion)

are computed in IWFM as
di
Awag‘,li sziv,i(l_RLi _NRLi )fagi (4.1)
di
Avvu,liV :Qdiv,i(l_RLi _NRLi )(l_fagi ) (4-2)
where

i = index for diversion number, (dimensionless);

Angi‘,’i = actual amount of water delivered to agricultural lands from
diversion number i, (L*/T);

AWS’IIV = actual amount of water delivered to urban lands from diversion
number i, (L*/T);

Quiv;i = stream diversion at diversion number i before conveyance losses,
(L*/T);

Ry, = fraction of the stream diversion that becomes recoverable loss at
diversion number i, (dimensionless);

NRp = fraction of the stream diversion that becomes non-recoverable loss
at diversion number i, (dimensionless);

fagi = fraction of the diversion at diversion number i that is delivered to
the agricultural lands, (dimensionless).

AngiV and AWS V' are the total agricultural and urban water deliveries,

respectively, at the destination of the delivery. IWFM computes water demands for
each individual crop and urban land at the cell level. To further distribute the
deliveries to urban lands and individual crops at cell level, IWFM uses the computed
water demands. Each land-use type receives water in proportion to their water
demands to the total water demand in the delivery destination. For instance, if the
delivery goes to a single element, then IWFM distributes the agricultural water

among the crops in the destination element with respect to their water demands.
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Urban water goes to the urban lands in that element without modification. If the
delivery goes to a group of elements or a subregion, then IWFM distributes
agricultural and urban water deliveries to individual elements first according to the
fraction of the water demand in each element to the total water demand in the group
of elements or the subregion. Once the element-level delivery is computed, it is
distributed among individual crops in that element according to the water demands
of each crop. If, for any reason, the agricultural or urban water demand at the
delivery destination is zero (i.e. if there is water surplus), then IWFM distributes the
water delivery with respect to the area of individual crops or urban lands.

IWEM has the functionality to model bypass flows, which serves as a method of
re-routing flow to avoid flooding. The model simulates flow through a bypass canal
by diverting water from a stream node and adding the diverted water to another
downstream node. When simulating bypass flows, conveyance losses are accounted
for by assigning percentages of the bypass flow to recoverable and non-recoverable

losses occurring in the bypass canal.

4.3.2. Groundwater Pumping and Recharge

IWFM has the functionality to simulate groundwater pumping and recharge by well
location or on an element-by-element basis. Pumping is a source of water supply,
whereas recharge is the replenishment of the aquifer system during a model
simulation. The only difference computationally between pumping and recharge in
IWFM is the sign convention. A negative value represents pumping and a positive

value represents recharge.

4.3.2.a. Pumping and Recharge at Well Locations

IWFM has the capability to simulate pumping and recharge at user-specified well
locations. Pumping and recharge at specific well locations require the user to input
all simulated well locations in (x,y) coordinates. Based on the well location, IWFM
identifies the finite element that contains the location of the well and computes the
interpolating coefficients (refer to section 3.8 for the interpolation method) to
distribute the pumping/recharge amount to the groundwater nodes that correspond

to that element.
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Since IWFM has the capability to model multiple layers, the vertical distribution
of pumping from each layer must be computed. The vertical distribution of
pumping to each aquifer layer is proportional to the length of the well screen and the

transmissivity of the aquifer layer:

fme
_ 43

Qp, =Qp, 1, (4.3)
z ;T
i=1

where

Qp_~ = pumping from aquifer layer m, (L3/T);

Qp, = total pumping at the well, (L*/T);

f = fraction of vertical distribution for each layer, (dimensionless);

T = transmissivity, (L?/T);

N = total number of aquifer layers, (dimensionless).

The Kozeny equation is used to define the fraction of vertical distribution, f,
which accounts for the effect of partial penetration of a well in an aquifer layer
(Driscoll, 1986):

f,=01+7 - cos(ngsj (4.4)
b, o\ 2

where
fm = fraction of pumping from aquifer layer m, (dimensionless);
I = well screen length as a fraction of the aquifer thickness,
(dimensionless);
r = well radius, (L);
b = aquifer thickness, (L).

4.3.2.b. Elemental Distribution of Pumping and Recharge

It is sometimes impossible to locate every well in the modeled area and access the
pumping records. Instead, average values for the pumping or recharge amounts may
be available for a section of the modeled area. For this reason, IWFM has the

functionality to distribute regional pumping/recharge values to elements when they

4-6 |  Theoretical Documentation for the Integrated Water Flow Model, IWFM-2015



Theoretical Documentation
IWFM-2015

Demand and Supply

are specified for areas containing well locations that are not defined in terms of

specific coordinates. The distribution of pumping to elements can be done in one of

the following five ways in IWFM:

(i)

(i)

Pumping can be distributed based on a factor specified for each element

associated with the total pumping, Pr:

ClPe :feQPT (45)
where

Qp, = pumpingat element e, (L3/T);

Qp, = total pumping from an area, (L*/T);

fe = factor that defines the amount of pumping allocated to

element e, (dimensionless).
The second option when distributing pumping to an element is to define
the pumping with respect to the area of each element relative to the area

that corresponds to the total pumping value and a user defined fraction:

Q- QfT ficeAize (4.6)
Z(fi xA;)
i=1
where
f; = fraction that defines the amount of pumping from element i,
(dimensionless);
A; = area of element i, which is also associated with the total
pumping Qp_, (L?);
n = number of elements that the total pumping, Q p_ is

distributed to, (dimensionless).

(iii) The third option is based on the relative amount of agricultural and urban

area in an element with respect to the agricultural and urban areas in all

other elements that the total pumping, Qp, is distributed to:
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_ QPT fi=e (Ai=e,ag + Ai=e,ur )

Qp, - (4.7)
Z[fi X (Ai,ag + Ai,ur )}
i=1
where
Ais = agricultural area within element i, (L?);
Aix = urban area within element i, (L?).

(iv) The elemental pumping distribution can be computed based on the relative
amount of agricultural area in an element with respect to the agricultural

areas in all other elements that are assigned pumping from Q p, .

Q-PT fizeAize,ag
QPe - n

Z(fi XAi,ag)

i=1

(4.8)

(v) The final option to be discussed is the elemental distribution of pumping
with respect to the relative amount of urban area in an element to the urban

areas of all other elements that are assigned a portion of the total pumping

(Qp, )

_ QPT fizeAi:e,ur

n
Z(fi XAi,ur)

i=1

Qp

e

(4.9)

For simplicity, the computations described in equations (4.5) - (4.9) are defined
in terms of pumping. However, recharge is computed in the same manner as
pumping, with the exception of the sign convention.

Similar to applied water from diversions, pumping is also used to meet
agricultural and urban water demands at a single element, at a group of elements or
at a subregion. It can also be exported outside the model area. Pumping can be
limited with user-specified maximum amounts representing the pump capacities.
Similar to diversions, well and elemental pumping are proportioned between the

agricultural and urban lands based on user-specified fractions:

AWaEg)i =Qpifog. (4.10)
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AWE =Qp;(1-f, | (4.11)
where

i = index for pumping, (dimensionless);

AWa%,i = actual amount of water supplied to agricultural lands from pump

number i, (L*/T);

AWII;,i = actual amount of water supplied to urban lands from pump number
i (Ls/T))

Qp; = actual pumpingat pump number i, (L*/T);

fag, = fraction of the pumping that is supplied to the agricultural lands

from pump number i, (dimensionless).
IWFM uses the same methods as for the diversions to distribute pumping to

individual crops and urban lands at each element at the delivery destination once

Ang,i and AW& are computed.

4.3.2.c. Computation of Pumping at Drying Wells

IWEFM strives not only to compute groundwater heads and stream flows accurately
but also to define the actual amount of water supply that is distributed over the
model area to meet the water demand. During pumping, if a well dries during a time
step the groundwater head will be computed as being less than the elevation of the
bottom of the deepest aquifer that the well is drilled to. However, this is not
possible since IWFM only models the saturated groundwater flow. Furthermore, it
is important to identify the exact time that the well dries in order to compute the
total amount of water that is actually pumped from the well. In general, this is an
inverse problem and it requires the solution of the inverse of the groundwater
conservation equation. In order to address these two problems, IWFM uses an
iterative method.

If the groundwater head at a node falls below the bottom of the aquifer due to
pumping during a time step, IWFM enters the mode of iterative inverse-problem

solution. The estimated pumping is calculated as
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k
1 1
( t+1 )k+1 (Q: ) +(Q; ) (4.12)
Pi - 2 ’
where
t+1
k ( k _hl )S A
t+1 i Vi oot
_ e+ <
. (Q'Pi ) Iy if i <z,
(QEI) = (4.13)
(h}“—zk )s A, K
. i)7Yitl 1\¢9 | . 1 1 1\7eq
min " ,(Q: ) if h{™'> 2k, ; (Q;: ) <(Q: )
i = finite element node at which pumping occurs, (dimensionless);
k
(Q;Ll ) = pumping rate at node i, at the k™ iteration level, (L*/T);
t1 |1 . . e 3
Qyp. = pumping rate at node i, at the (k+1)™" iteration level, (L?/T);
t+1\d _ : -  speci 3
Qyp. = required pumping rate at node i specified by the user, (L*/T);
h; = groundwater head at node i, (L);
Z, = elevation of the bottom of the aquifer at node i, (L);
Sy, = specific yield at node i, (dimensionless);
A = area associated with node i, (L?);
At = length of time step, (T);
t = index for time step, (dimensionless);
k = iteration level, (dimensionless).

The iteration is stopped when the ratio of the difference between the two
pumping rates from consecutive iteration levels to the pumping rate at the previous

iteration level is smaller than a tolerance value:

)k+l

()" ()
@)

<g (4.14)
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Estimating Q;ﬂ iteratively results in a pumping rate that will drawdown the
1

groundwater head at a well to the elevation of the bottom of the aquifer. Once the
pumping rate is computed, it is multiplied by the time step length, At, to compute

the actual volume of pumping that is supplied to urban and agricultural lands.

4.3.3. Re-use of Irrigation Water

Re-used irrigation water is another water supply in addition to the prime water (i.e.
irrigation water before the application of re-used water) that is delivered to the fields
in terms of groundwater pumping or surface water diversions. IWFM simulates only
the re-use of return flow. The agricultural return flow computed by IWFM is
assumed to be the net return flow after the user-specified portion of the initial return
flow is re-used. IWFM allows the user to direct the net return flow from one
element to another element, to another subregion or to a stream node. All these
options represent different types of re-use that may take place in the modeled
boundary.

When the net-return flow from an element is directed to a downstream element,
IWEFM treats this flow as a separate water supply to meet the agricultural and urban
water demands in the destination element. When the net return flow from an
element is directed to a subregion, IWFM distributes this flow among the elements
of the destination subregion with respect to the water demand at each element and
again treats it as a separate water supply. Finally, in the case that the net return flow
is directed to a stream node, it contributes to the stream flow and can be diverted by

downstream diverters.

4.3.4. Agricultural Water Use

Agricultural water use is the amount of the agricultural water demand that can be
met by the simulated water supply. The total amount of water delivered to
agricultural lands from surface water diversions and pumping is

div

AW, o =AWW' + AWE (4.15)
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where AW;;igiV

the simulated supply equals demand, the agricultural water use is simply the demand

and Ang are given in equations (4.1) and (4.10), respectively. If

that is specified or computed (refer to section 4.2). If simulated water supply is less
than the demand, then water use is equal to the water supply. On the other hand, if
water supply is larger than the demand, then water use is equal to the demand and
the amount of supply in excess of demand contributes to surface runoff, increases
the soil moisture in the root zone without being used by the plants, or percolates
into the unsaturated zone and groundwater. The water supply is delivered to the
appropriate locations based on input that specifies the fraction of each surface water
diversion that is to be used for irrigation purposes and the fraction of groundwater

pumping to be applied to agricultural lands.

4.3.5. Urban Water Use

The total amount of water delivered to the urban lands is
AW, = AWV 1 awP (4.16)

where AW, div

u

and AWY are given in equations (4.2) and (4.11), respectively.
Furthermore, based on the simulated water supply, the amount of water available for

indoor and outdoor urban use can be expressed as

AW, =(AW, )(%aW, ) (4.17)

AW, =AW, —AW, (4.18)
where

AWui = indoor urban water use, (L*/T);

%AW, = fraction of urban water use specified for indoors, (dimensionless);

AW, = waterapplied to outdoor urban areas, (L*/T).

o

If supply equals demand, or the model simulates that the supply meets or
exceeds the demand, the total urban water use is the urban water demand itself.

However, if the simulated water supply is short of meeting the demand, the urban
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indoor and outdoor water use values are computed by equations (4.17) and (4.18)

based on the available water supply.

4.4, Automated Supply Adjustment

An important task in water resources planning studies is to find answers to questions
such as if there is enough water supply in the modeled area to meet the agricultural
and urban water demand, and how to operate the pumping and diversion facilities in
order to minimize the discrepancy between the supply and demand. In order to
achieve this task, the functionally to adjust the surface water diversions and/or
pumping automatically has been included in IWFM.

The user can choose some or all of the diversions, pumping or both to be
adjusted by IWFM in order to meet the agricultural and urban water demand, or to
minimize the surplus supply amounts. It should be noted at this point that IWFM
does not incorporate optimization techniques in adjusting the water supply.

Instead, it tries to distribute the discrepancy between the supply and demand among
adjusted diversions or pumping as equally as possible without considering any
operation rules. Thus, the resulting diversion and pumping amounts after the
adjustment may not be the optimum management of the water resources in terms of
financial, environmental and legal constraints. However, these results may help the
user to identify hot spots of the modeled region such as streams and pumping
locations that may be utilized when there is a shortage of supply, or diversion and
pumping locations that constantly fail to produce required amounts of water supply.

In IWFM, the term “adjustment of supply” stands for the procedure of
modifying the required amount of diversions and pumping to minimize the
discrepancy between the water demand and water supply to meet this demand. An
adjusted amount of required diversion or pumping does not necessarily mean that
that much water can actually be diverted or pumped. For instance, in dry years it
may not be possible to divert as much water as the adjusted amount of required
diversions. Therefore, it is important to understand that automated adjustment of
diversions and pumping will not always generate a perfect match between the water
demand and the actual amount of water supplied to meet this demand.

In the following sections, the methods used in adjusting the surface water

diversions and pumping are detailed. If the adjustment of both surface water
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diversions and pumping is desired, then surface water diversions are adjusted first

and pumping rates are adjusted second.

4.4.1. Adjustment of Surface Water Diversions

Surface water diversions are adjusted according to their ranks based on the number
of upstream diversion locations. Figure 4.2 shows a hypothetical stream system with
four diversion points. These diversion points are ranked as follows:

® Rank 0: Diversions 1 and 2 (0 upstream diversion points);

® Rank 1: Diversion 3 (1 upstream diversion point, namely diversion 1);

® Rank 3: Diversion 4 (3 upstream diversion points, namely diversions 1, 2

and 3).

In the list above, rank 2 is omitted since there are no diversions with two
upstream diversion locations. Adjustment of diversions is performed with a multi-
step procedure. In the first step, all adjustable diversions (the criteria used to specify
a diversion as adjustable is listed below) of all ranks are adjusted and the required

amounts of diversions to meet the water

Figure 4.2 A stream system with 4 diversion locations demand are computed. If the newly

Diversion 3

Diversion 1

computed diversion requirements can be

met, then the adjustment was successful

and no further steps are performed.
Diversion 2 However, if there is still a discrepancy
between the actual diversion amounts and
the water demand, then the second step of
adjustment is performed. In the second
step, all adjustable diversions except those
with rank 0 are adjusted. At the end of this
Diversion 4 step if there are still discrepancies between
actual diversions and water demands, then
IWEM goes to the third step. In the third
step, all adjustable diversions except those with ranks 0 and 1 are adjusted. This
procedure is performed until the discrepancies are minimized or all ranks of
diversions have been adjusted. As an example, IWFM will perform a maximum of

three adjustment steps for the hypothetical case shown in Figure 4.2. In the first
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step all diversions will be adjusted. In the second step diversions 3 and 4, and in the
third step only diversion 4 will be adjusted.

As mentioned earlier, agricultural and urban water demands are specified or
computed for urban lands and for each crop at every finite element. Each diversion
is assigned a delivery destination, either a single element, a group of elements or a
subregion, and the amount delivered to the destination is proportioned between
urban and agricultural water use based on a fraction specified by the user. Since the
final destination of diversions is a finite element regardless of the destination type,
the adjustment of diversions is performed to meet the element level water demand.
Each diversion can be adjusted to meet only the agricultural demand, only the urban
demand or both at an element.

For the simplicity of explanation, only the procedure that is used to adjust
diversions to meet agricultural water demand will be discussed in the following
paragraphs. Adjustment of diversions to meet the urban water demand is exactly the
same.

First, the discrepancies between the agricultural water demand and the amount
of delivery to agricultural lands at an element is computed. If there is a supply
shortage, i.e. water demand is larger than the actual delivery to the agricultural lands,
the total number of diversions that can be adjusted is computed. When computing
the total number of adjustable diversions, the following criteria are used: (i) diverted
water is delivered to the element in concern, (ii) diversion originates from a stream
node that is not dry (i.e. diversion amount can be increased), (iii) diversion is
specified by the user to be adjusted to meet the agricultural water requirement at the
element, (iv) the rank of the diversion is greater than or equal to the adjustment
step, and (v) the diversion amount before adjustment is less than the maximum
amount specified by the user (i.e. diversion amount can be increased). Once the
total number of adjustable diversions is computed, the new diversion requirements
are calculated by distributing the supply shortage equally among adjustable
diversions that deliver water to the specified element. If the adjusted diversion for a
specific diversion location is greater than the maximum amount specified by the
user, the amount that is above the maximum is further distributed equally among
other diversion locations that have not yet reached their own maximum amounts.

With the adjusted diversion requirements, the stream flows are simulated by
solving the coupled groundwater-surface water equation set. If the diversion

requirements are met, i.e. simulated stream flows are large enough to support the
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required diversion rates, the adjustment procedure is aborted. Otherwise, above
procedure is repeated for the next adjustment step to adjust the diversions with
appropriate ranks.

Generally, it is not possible to match the water demand with the actual water
supply perfectly when there is a supply shortage. For this reason, IWFM allows the
user to define a tolerance value. If the ratio of the actual supply to the water demand
falls below this tolerance value, it is assumed that the supply is satisfactorily close to
the water demand and the adjustment procedure is aborted.

If there is a supply surplus, i.e. water demand is less than the actual delivery to
the agricultural lands, then it is necessary to decrease the diversion amounts. In this
case, the total amount of actual deliveries to the agricultural lands that originate
from adjustable diversion locations is computed. The same criteria listed above with
the exception of the second (dry stream node) and last (diversion at its maximum)
items are used in specifying a diversion as adjustable. The second criterion in this
case is redundant since the diversions will be decreased and a dry stream node does
not pose a constraint. Similarly, the last item, i.e. the unadjusted diversion being at
its maximum, is also no longer a constraint. Once the total amount of actual
deliveries from adjustable diversion locations is computed, the required diversion
rates are calculated by decreasing each of the adjustable diversion rates with respect
to the magnitude of the original diversion rate:

Similar methods are used to adjust deliveries to meet urban water demands. It
should be noted that once the deliveries to agricultural and urban lands are adjusted,
the fraction f,; (see equations (4.1) and (4.2)) that is used to partition the total

delivery between agricultural and urban lands also changes.

4.4.2. Adjustment of Pumping

The adjustment of pumping in order to minimize the discrepancy between the water
supply and demand is similar to the adjustment of surface water diversions, except
that pumping wells or elements are not ranked the same as diversion points.

Instead, pumping requirements are adjusted until the ratio between the actual
supply and demand is smaller than the tolerance specified by the user, until further
adjustment does not change the required pumping values or until pumping rates
reach the maximum amounts specified by the user. The case where required

pumping rates no longer change can occur when the required pumping rates are so
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high that the wells eventually go dry and actual pumping cannot be increased any

more. The adjustment can be performed for well pumping as well as elemental

pumping.
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A.1. Components of {F*| and |x* | for Stream Nodes

Stream Routing Component Version 4.0:

For i=1,---,NR:

o e[l ] re ()]

j
t+1 t+1 t+1 t+1 t+1 t+1 t+1
_Rfi _Sri _Q.wsi _Q,brsi _Q,tdi _Q.Ikoi _th

t+1 t+1 t+1
+Qrip +Q,bi +Q,divi

+C,, {max[(HitH )k Jhy, }—max{(HL“ )k Jhy, }} (A1)

k
k t+1 k
ck [ | _| 9 (E)] (ol s
: e+ \K
ek |Gy i (H) sy,
a(lsinti _ A
oHM | (43)
1 k
0o if (Hit“) <h
k e[ et k k
R o I ET ] (ait) (el (44)
L~ a]H[]FH - aH];H + GH;H + aH];H :
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If the bypass rate, Q y, , is specified as constant, then (A4) can be expressed as
k
t+1 [ prt+l
Qs [Hi ] >t !
- SH Qini —Qdivreqi i Q —Q—breqi
j

xk. = (A.5)

0 otherwise

On the other hand, if the bypass rate is specified as a function of stream flow through

a rating table (i.e. Qp, =Qp, (Qr* )) then (A.4) is expressed as

k
t+1[ prt+l
aQ'Si [Hi } aQ{:l 1 >0t
aH;—H 8Qf* - Q,ini —Qdivreqi
Xi= (A6)
0 otherwise
where
k
1
Q=2 | (1) |
j
+RET ST QT Qb rQi F Qi v Q! (A7)
* % 1
Q-i :Qini_Q.giFvi (A-8)
k t+1 \K
i 0Q oo
S L (A9)
OH OoH,
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o0t —Cs, if (H;H) > hy,
Qsint 1 1
t+1‘ = (A.10)
OH| K
o i (Hy')<h

Stream Routing Component Version 4.1:

Fori=1,---,NR:

st (o) |-z () ]

j
t+1 t+1 t+1 t+1 t+1 t+1 t+1
_Rfi _Sri _Qwsi _Q.brsi _Qtdi _Qlkoi _th

t+1 t+1 t+1
+Qrip +Qbi +Qdivi

+Cy, {max[(H§“ )k hy, }—max[(H;H )k hp, }} (A.11)

k 1) | k
oF. Q. (]HI ) oQ
X}(’iz(aﬂﬁ 1] = ;@Tﬁ; 4 6]1—]1?1? (A.12)
Sonle e, () (o
0Qsin; e+ (e \K +1)K
5Hit+l =1Cs,; (Hi ) S(Hn ) ; (Hi ) >hbi (A.13)
0 (H}“) <hy,
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where

0 (]Hﬁ“) <h,, (H;“) <hy,
(A.14)
[ e )
aH;h: (A.15)
0 otherwise
(1) ~(ant) o (1557 (a16)

In (A.13) - (A.16), K, is the stream bed hydraulic conductivity, L, is the length of

stream at stream node i, W; is the wetted perimeter, d is the thickness of the stream
1

bed material, hbi is the elevation of the stream bed, I, is the groundwater head at the

finite element node n that corresponds to the stream node i, and

NR+NLK+1<n<NR+NLK+Njy ‘N

k e+ [ e+ T 1 \K 1 \K
L) OH;H 6]1-]1]&1 GH;H aH];H

If the bypass rate, Q , , is specified as constant, then (A.4) can be expressed as
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k
aQE:rl [Hlt +l} t+1 x t+1
- GIHIT Q-ini 2Q-divreqi i Q 2Q-breqi
)
Xp = (A.18)
0 otherwise

On the other hand, if the bypass rate is specified as a function of stream flow through

a rating table (i.e. Qyp, =Qup, (Q:* )) then (A.4) is expressed as

k
t+1 t+1 t+1
0, [Hi } aClb-iF 1 >0t
aH;_c—i—l aQr* N Q—ini —Q-divreqi
Xp = (A.19)
0 otherwise
where
3 ! k
j
1 1 1 1 1 1 1
+RETHST QL + Qb QL + Qo + Qi (A20)
* % t 1
Qi =Qin, —Qai, (A21)

(A22)

k
6H;+1
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St e, () s
n
k
8;;?:1;1 C,, (]HI;H) S(Hitﬂ
0 (B ) <y,
where
gr () ()
oCq. S n
aHt;l B
0 otherwise

(£ () - )

(A24)

(A25)

The expression for the stream bed conductance, C,, that appears in (A.23) is already

given in (A.14).
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Stream Routing Component Version 4.2:

For i=1,---,NR:

-q, {(H%“ ) } -2Q, {(HFH )k}

j
t+1 t+1 t+1 t+1 t+1 t+1 t+1
R =S = Quus, = Qbrs, ~Qtd, ~Qiko, ~Qh,

t+1 t+1 t+1
+Qrip +Qbi +Qdivi

+ § Csi)n {max[(H%H )k /hp, } - max[(]}]l;“ )k /hp, }} (A26)
n=1

k
k t+1
Uolemtt ) 7| emtt aH}” '
nG k
|Xc, i (B ) > by,
OQ {int, -1
o (A.28)
1
0 £ (H{“) <hy,
oF k 8Q_t+1[ t+1j| k oQ i k aQHl
skoo| M| __ H =b || =l (A.29)

If the bypass rate, Qp, »is specified as constant, then (A.4) can be expressed as
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k
t+1 t+1
aQSi [Hj J Ssottl S0t
- t+1 Q-ini —Q-divreqi ) Q-i —Q-breqi
ﬁHj

Xp = (A.30)

0 otherwise

On the other hand, if the bypass rate is specified as a function of stream flow through

a rating table (i.e. Qyp, =Quy, (Qr* )) then (A.4) is expressed as

k
t+1 t+1 1
Qi m ) (aqy 1 et
aH;_Hl aQr* N Q—ini —Q-divreqi
Xp = (A31)
0 otherwise
where
_ t+1 k
Qini _ZQsj (H] )
j
t+1 1 t+1 t+1 t+1 t+1 1
+RET +8. 7 QS + Qi +Qid, +Qiko, + Qi (A32)
k% t 1
Qi =Qin, ~Qdy, (A33)

(A.34)
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. t+1)\K
aQt+l k _Csi,n if (Hn ) >hbi
sint;
| = (A35)
OH K
o i (Hy')<h

In equations (A.26) - (A.35), n represents the index number for the groundwater
node that is associated with the stream node i, nG is the total number of groundwater

nodes associated with the stream node i,and Cg_  is the conductance between the

i,n

stream node i and the groundwater node n.

Stream Routing Component Version 5.0:

Fori=1,--,NR:
k k
. Fk_(AiHl) +(al) -(at+aly)
e 2At
k k
() (i)
+
AXi
1 1 1 1
1| Qin, ~Qowy | Qi ~Qowy
2 L; Lig
+C { {(Ht“)kh }— [(Ht“)kh }} (A.36)
5; | Max i yhp, max n yhp, .
where

() = (s | (27 -, e () (a37)
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R e R v (a3%)

k k
) | HBH[(H;H) |
() = (1) |- i (4.39)
B+2{(H}“) ~hy, }/Hs2
t+l _ptHl |, otHl |~ tH t+1 t+l | ~ t+ t+1
Q-ini _Rfi +Sri +Q.wsi +Q.brsi +Qtdi +Q.Ikoi "'Q.hi (A-40)
tH _ tHl,  tH
Q—outi _Qrip +Qbi +Qdivi (A-41)
k k k k
K O, 1(oAMM 1 [oQs 0Q Ght.
¢ Xii= sl B e ol B or | T t+1 (A42)
8H1 At 5H1 AXl 8H1 8H1
where
k
8Ait+1J { t+1)K }
=B+2s|(H;" ) —hy, (A43)
SH ( )
e+1\K S (Rt k 1 \K e41 \K
oH!™! oo lamt) 3V (e '

(wirf = w] (s |- (17 -y, Vi (A45)

(A.46)
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S R L e N
i
aniJ;lti ‘ t+1 t+1 t+1
il ol (s o
0 (]H[it“) <hy,

¢, =g ()] () s( ) () oh, )

0 (Hgﬂ) <hy, ; (H;H) <hy
S () (o,
oc, . O
CHMT (A49)
0 otherwise
(G )k =(m+ )k —max[(H;“ )k Jhy, } (A.50)

In (A.48) - (A.50), K, is the stream bed hydraulic conductivity, L is the length of

is the thickness of the stream

stream at stream node i, W; is the wetted perimeter, d
1

bed material, hy, is the elevation of the stream bed, IH, is the groundwater head at the
1

finite element node n that corresponds to the stream node i, and
NR+NLK+1<n<NR+NLK+Ny ‘N
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k k 1\K
(R )1 (eat)" 1 [eQlf
* Xi’i_l_(é :%J _ZAtKGHIitflll] _AxikaHitflll (A.S1)
k t+1 \K
. k _ 8]Fi ] _ aQ.sinti (A.SZ)
o (8]1—]1;“ SHEH
Soerfoe, () (o,
oQ k k k
28] s (s on, as
0 (H;“) <hy,
where
K )
d:i Liagﬁl (Hf“) s(H;“) ; (H;“) >h
i n
actii-l: (A.54)
H":
0 otherwise
(1) =max| (521, |- (227 (A55)

The expression for the stream bed conductance, C,, that appears in (A.23) is already
given in (A.14)
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A.2.  Components of {F*| and [x* | for Lakes
Lake Component Version 4.0:
For i=NR +1,---,NR +NLK :
t+1 k t
Sik (Hi ) _Slk[Hi}
k _
¢ F< =
At
1 1 1 1 1 1
~Q divik —Qf;{ﬂk - Qi ~Urdk ~Uinlk + Ul
& 1 1 1 A.56
_Z(Pltl:; Ak, —EVltkt Al —fo{intj) (A.56)
j=1
where
t+1 t+1 k t+1 k
Qlkintj =Clkj max (H] ) )hblkj —max (Hn ) )hblkj (A57)

Al Al
t+1 J t t+1 J t+1 t+1
EVii A <— maX[Hi—hbmi,O}ij A+ (Qbrlk +Qm1k) (A.58)
Ik

In (A.56)-(A.58), Ni is the number of lake nodes that make up a single lake and Ay
is the total surface area of a lake.

k
v [ oF £ aslk[HEH] N 3Qﬁ§ﬁtj
Xii=| o | "l et | YA e (A.59)

where
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t+1 k
551k[H1 } Nzﬂf { K (4.60)
_— | = H (H ) _hblkv :lAlk‘ A.60
1 1
gHitJr o j j
k
. : e\ S
oQ il C, if (Hl ) 2 hpy,
o e+ \K
0 if (Hl ) <hblk-
j
and H[e] is the Heaviside function.
k
. 1
ko (gowl | Cng i (Hf1+ ) = hpy,
K OF. Qlkjntj
¢ Xin=| —r | =| o | = (A.62)
OH OH K
0 if (HEH) <hblk]~
where HI, is the groundwater head at finite element node n that corresponds to lake
nodej.
Lake Component Version 5.0:
For i=NR+1,---,NR+NLK:
t+1\K t
Sik (Hi ) ~Sik [Hl}

At

t+1 t+1 t+1 t+1 t+1 t+1
~Qdivik ~Qbplk ~ Qrfik ~Qrtlk ~Qinlk + Qiko

Ny
t+1 t+1 t+1
-> ,(Plk]- Ap, —EVi Ap _Q.lkint]-) (A.63)
=
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where
t+1 t+1 k t+1 k
Qlkint; = Clk, | max (Hj ) Jhpl, |~ max (Hn ) hpi, (A.64)
t+1 t+1 t+1 k
Qixo = Qiko (Hi ) (A.65)

A A
EVﬁQ;lAlkj < At t] maX[Hf —hp, ,0} + PfktlAlkj +A—](Q§§111< +Q ik ) (A.66)
Ik

In (A.63) - (A.66), Niis the number of lake nodes that make up a single lake and Ay

is the total surface area of a lake.

k k
k t+1 k t+1
Xk ~ aFl _i 851k |:H1 :| N aQ'ﬁ—(’g +le 6Q—lkintj (A 67)
1,1 aHf-{-l At aHf-i-l 8Hf+1 ]_1 aHf-i—l )
where
k
8SH< |:Hit+l :| le k
_ t+1\"
— | - D H{(Hi ) i, }Alkj (A.68)
i j=1
1\ |Ci, if (Hit+l )k 2 hp.
ankint» ) J
L1 = (A.69)

8Hit+1

0 if (J141§+1)k<hblkj

and HJe] is the Heaviside function.
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k t+1
y oF, ankintj
MR e e B ==y
n n

k
~Cpi, i (Hy") Zhyp
(A.70)

k
. 1
0 if (Ht+ ) <hblk]-

n

where [, is the groundwater head at finite element node n that corresponds to lake

nodej.
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A.3. Components of {F*| and | x* | for Groundwater Nodes

For i=NR+NLK+1,---,NR+NLK+Ny -N:

k
t+1 t+1 t t
st¥ A{(Hﬁ ) —TOPi)JrSSiAi(TOPi—Hi)

N.'m
- Yl etare
e=N, -(m—1)+1 re
- Y (e ()

j=N-(m-1)+1
j£i

+H(m-2)L;_y ((AH}J )t+1 ]k A,
+1-H(m-Np) |Liyn ((AH? )Hl jk A

D e ()|

t+1 t+1 t+1
_Qsinti _Q,lkinti _Q,tdi (A-71)
where

(it S ((x)] [[9ervefans (a7)

e=N,{(m-1)+1 Q¢

k k
Qat, =Cs ., {ma{(Hff;l ) hy }— ma{(Hf” ) hy, }} (A73)
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t+1 t+1 t+1
Qll-:inti = Clknlk {maX[Hlk Jhblknlk :|_max|:Hl )hblknlk :|} (A'74)

1 1
Q! =Cug, (2eg, -1} (A75)

In (A.71)-(A.75) ns is the stream node number that corresponds to groundwater
node numberi (1<NS<NR), lk is the lake number plus the total stream nodes
(NR+1<Ik<NR +NLK), and nlk is the lake node number that corresponds to

groundwater node number i.

OFF; :
k .
¢ i~ t:—l
OH!
Stjl-l A. N'm
=t % (aty)
At j=N{(m-1)+1

t+1 k
o[ am)
+H(m—2)L;_nA, TRE
a( Hid)t-H
+[1—H(m—NL)]LI+NA1 poree

LTS T _ _ i (A76)

where
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u )\t kol H! 27y, (or zy.. if no aquitard is present)
o[ am ) \OF 7,
_ (A.77)
1 . t . . .
0 if MHj <zp, (or z), if no aquitard is present)
4)\t+1 k 1 if Hf >z (or z). if no aquitard is present)
of am O 7,
i . t . . .
0 if M <z, (or zy, if no aquitard is present)
—C, if (]I-]It+1)k>h
aQt+1 k Sns ! i bns
Sinti
: t+1)\K
0 if (Hi ) <hy,_
t+1
20 ~Cliey i (Hi ) > Bk,
Q Ikint,
) (A.80)
OH
1
0 £ (H!) <hyy,
k
aQ't+‘1
— | =y (A81)
aHit-i-l i
k
t+1
k o, ) a(AH?)
XiiNn=| =7 | =H(m-2)Li yAj| ——— (A.82)
oH; "N OH; "N
where
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u )\t k -1 if Hit_N >4 (or z).. if no aquitard is present)
8(AHi ) ) i i
i-N . t . . .
0 if Hj < Z, (or z), ifno aquitard is present)
k
- k @( Hd )t+1
k i !
. kN = =[1-H(m-Np )L nA; (A.84)
o) Do) S
where
q\tt1 k -1 if ]I-]Iit+N > 7y, (or z).. if no aquitard is present)
of am or 2,
prrey = (A.85)
I+N . t . . .
0 if Hjn< Zy, (or zy, if no aquitard is present)
k
F k
¢ X}(,j - -2 o | = (ATit,;rl) (A86)
G]H[j
OFF. «
¢ X :( o J (A87)
OH ¢
If stream routing component version 4.0 or 4.2 is used, then
g =G, if (Hgl) >hy,
(aHt: - J = (A.88)
ns t+1 k
0o i (Hy') <hy,
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If stream routing component version 4.1 or 5.0 is used, then

oC

Sns

k
o,
[aHt:-lJ - _Csns
ns

where

o

O, )
k .
Xirlk :( t{Fl J -

OHE! (e )k -

Sns

(st () 5 (B) >,

(Hgl )k <hy,

ns

(15 -] (17 |

K
. t+1
Cry, if (Hlk ) >hpe,

k
. t+1
0 if (Hlk ) <hblkn1k
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(A.89)

(A.90)

(A91)
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Appendix B - Chronology of the Development of
IGSM, IGSM2, and IWFM

The roots of the IGSM code date back to an earlier code called FEGW?2, developed
by Dr. Young Yoon at UCLA in 1976. The first version of IGSM was also developed
by Dr. Yoon (and his consulting staff) in 1990 as part of a contract funded by the
Bureau of Reclamation Mid Pacific Region (MP), California Department of Water
Resources (DWR), State Water Resources Control Board (SWRCB), and Contra
Costa Water District (CCWD) (James M. Montgomery Consul. Eng. Inc., 1990).

Over the years, IGSM has undergone various upgrades by different groups
based on specific applications to numerous basins in the United States (Table B.1);
the model has been applied to groundwater basins in California, Colorado, and
Florida. Applications of IGSM in California include the Central Valley, Sacramento
County, Pajaro Valley, Friant Service Area, Alameda County, City of Sacramento,
Pomona Valley, Salinas Valley, and the Chino Basin (Montgomery Watson, 1993).

No formalized version numbering system for IGSM was created until IGSM
Version 3.0 in 1996. As a result, IGSM codes were not referenced in terms of a
version number prior to 1996 (WRIME, 2000).

Thereafter, two separate groups developed IGSM versions 3.1 and 4.0 for
application in the CVPIA-PEIS and Salinas Valley projects, respectively. However,
not all the features developed for version 3.1 were included in version 4.0. The
development of IGSM 5.0 in 2000 was an effort to consolidate all the features from
both version 3.1 and 4.18 into a one comprehensive and upgraded IGSM version
(Technical Memorandum IGSM 5.0, 2000). Around that time, an IGSM User’s
Group was developed to discuss and share input, recommendations, and
experiences of the IGSM users in the water community. Following the Peer Review
process of IGSM conducted by the California Water and Environmental Modeling
Forum, CWEMF (previously known as the Bay-Delta Modeling Forum, BDMF),
the members of the IGSM Users Group strongly urged DWR to take the lead in
overseeing the future development and technical support of IGSM. DWR has a
strong interest in IGSM because of the use of the application of IGSM to the Central
Valley in California CVGSM (Central Valley Groundwater and Surface water
Model) in supporting the hydrology development and groundwater simulation in
the CVP/SWP simulation model CalSim (previously known as DWRSIM).
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DWR initiated a comprehensive review of the IGSM version 5.0 theories and
code in January 2001. Following extensive revisions and enhancements to the
theoretical basis of many of the processes simulated in IGSM and to the FORTRAN
codes, it was decided to call the newly developed model IGSM2. The basic acronym
was retained since to the end user many of the features between IGSM and IGSM2
were very similar. IGSM2 Version 1.0 was made available to the public in December
2002. Effective September 2005, IWFM was the new name for IGSM2. IWFM
Version 2.4 was released in May 2006, Version 3.0 was released in February 2007,
Version 3.02 in April 2010, Version 4.0 in May 2012 and IWFM-201S in September

2014.
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Table B.1 Chronological development of IGSM (up to version 5.0), IGSM2 and IWFM

Version Date Model Features Application Area Model Author(s)
|GSM-- 1976 New groundwater model - Young Yoon (UCLA)
IGSM-- 1979 Major revisions to 1976 version Basin Wide Young Yoon
Tetra Tech, Inc.
IGSM-- 1979-1983 Enhancements -- Young Yoon
Boyle Engineering
IGSM-- 1987 Stream routing Central Valley Young Yoon
Boyle Engineering
IGSM 1.0 1990 Surface water and land surface Central Valley and Young Yoon,
processes, groundwater Other Applications Saquib Najmus,
simulation Ali Taghavi
IGSM 2.0 1994 Water quality simulation Pajaro Valley Young Yoon,
Chino Basin Saquib Najmus
IGSM 2.1 1995 Reservoir operations Salinas Valley Young Yoon,
Saquib Najmus,
Ali Taghavi
IGSM 2.2 1995 Vadose zone, water quality Chino Basin Saquib Najmus
improvements, land use
IGSM 2.3 1996 Regional scale tile drain Imperial County Ali Taghavi
simulation
IGSM 3.0 1996 Multi-model integration ARWRI Young Yoon
IGSM 3.1 1997 Land subsidence CVPIA-PEIS Ali Taghavi
IGSM 4.0 1997 English and SI units -- Ali Taghavi
IGSM 4.10- 1998-1999 Reservoir operations Salinas Valley Ali Taghavi
4.18 improvements, crop water use
IGSM 5.0 2000 Consolidation of all previous DWR-ISI Ali Taghavi
versions of IGSM Saquib Najmus
IGSM2 1.0 2002 Major revisions to IGSM 5.0 -- Emin Can Dogrul
theories and code
IGSM2 1.01 2003 Bug fixes -- Emin Can Dogrul
IGSM2 2.0 2003 More robust solution techniques, -- Emin Can Dogrul
improved simulation of aquifer-
surface water interactions and
output files
IGSM2 2.01 2004 Bug fixes -- Emin Can Dogrul
IGSM2 2.2 2005 Zone budgeting post-processor -- Emin Can Dogrul
IWFM 2.3 2005 Re-use of irrigation return flow -- Emin Can Dogrul
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Table B.1 Chronological development of IGSM (up to version 5.0), IGSM2 and IWFM (continued)

Version

Date

Model Features

Application Area

Model Author(s)

IWFM 2.4

2006

Modified routing procedure for
root zone moisture

Butte County

Emin Can Dogrul

IWFM 3.0

2007

Enhancements in root zone
moisture simulation, improved
print-out features

Central Valley,
Walla Walla Basin
(OR)

Emin Can Dogrul

IWFM 3.02

2010

Efficient generalized
preconditioned conjugate
gradient solver, modifications for
faster run-times, bug fixes

Central Valley,
Walla Walla Basin
(OR and WA)

Emin Can Dogrul

IWFM 4.0

2012

Enhanced component
modularity, land-use and root
zone flow processes simulated at
cell level, explicit simulation of
rice fields and managed refuges

Yolo, Butte, Merced
and Kings counties;
stand-alone root
zone component,
IDC, applied in many
parts of CA and in
Treasure Valley, ID

Emin Can Dogrul

IWFM-2015

2014

Full component modularity,
kinematic wave routing of
stream flows, simulation of root
water uptake from groundwater,
riparian vegetation access to
stream flows, zone budgeting for
land surface and root zone
processes

Central Valley Natural
Flow Model; Butte,
Merced and Kings

counties

Emin Can Dogrul
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